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6.4

.
U

ORBITAL OPERATION COSTS

The Work Breakdown Structure and the data requirements
provided by NASA have been used to categorize the Orbital
Operations Costs. Existing and postulated Ground Rules and
assumptions are listed to provide a framework for estimating
costs. A bottoms up estimate is contained in this paragraph
for both manpower and software. Mission complexity of different
tug configuration has been factored in#o the projected costs.
Finally, estimates of mission related hardware costs are presented

to complete the cost estimate.
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6.4.1 Work Breakdown Structure

Tasks detailed below have been extracted verbatum from the NASA Space Tug
Work Breakdown Structure (Ref. 1 and 2).

6.4.1.1 Flight Operations Control (NASA) WBS 320-07-04

This element includes all ground based equipment required to support Tug
flight operations at sites, such as tracking stations and flight operations
control center. This element includes the design, fabrication, integration,
maintenance, software and qualification of the GSE associated with ground
control during Tug flight operations.

6.4,1,1.1 Hardware - WBS 320-07-04-01

This element includes the design, development, test, and production of such
hardware items as consoles, distributors, harnesses, tools, interfaces,
computer, electronics, handling and servicing equipment, simulators, and
test equipment that make up the hard pieces of the GSE.

6.4.1.1.2 Site Activation = WBS 320-07-04-02

This element includes the site installation, integration and checkout of
the ground support equipment to the attainment of systems compatibility
and operational readiness. The facility activation is not included here.

6.4.1.1.3 Maintenance ~ WBS 320-07-04-03

This element consists of that maintenance and repair effort associated with
the GSE to maintain its operational readiness condition. Facility mainten-
ance is not included here.

6.4,1.1.4 Software WBS 320-07=04-~04

This element provides for the services and material to provide computer
programming required in the development, test, validation and operation of
all Tug GSE software systems.

6.4.1.2 Flight Operations Control DOD WBS 320~07-05
Same as 6.4.1.1
6.4.1.3 Flight Test Operations WBS 320-08-04

This element includes dedicated vehicle test flights and associated act-
ivities only. A dedicated test flight is a vehicle flight for test purposes
and does not carry an operational payload. It includes all activities that
support such test flight programs from the planning to launch, actual

flight and return. All Tug launch support, operations support (i.e., count-
down, tracking, etc.) data analysis and evaluation are included. Propellants
and gasses are also included. Excluded are those flights that carry an
operational payload. These are to be included under the appropriate operat-
ional elements even though the flight may, as a secondary purpose, serve as
a Tug vehicle test flight.

PA(:E G.l\"' 2



6.4.1.4 Flight Operations, NASA WBS 320-11
This element includes the flight operations effort to support activities

directly related to the Tug Mission. These activities include mission
planning, flight control, flight evaluation and flight software.

6.4.1.4,1 Mission Planning WBS 320-11-01
This element provides the trajectory, timeline, and consumables reporting
required to plan mission profiles. In addition, it includes planning
launch schedules and providing contingency profiles and policies.

6.4.1.4.2 Flight Control WBS 320-11-02
This element consists of analysis of Tug peculiar flight control require-
ments, i.e., ground commands, flight control measurements, ground computer
calculations and operations for attitude pointing, power management, data
dump and inflight Tug system and payload analysis. It includes preflight
development of flight operational data books, interface diagrams, and
planning for operations and resolution of in-flight anomalies.

6.4.1.4.3 Flight Evaluation WBS 320-11-03

This element provides for post flight analysis of data and recommendations
for corrections/modifications prior to the next flight,

6.4.1.4.4 Flight Support Software WBS 320-11-04

This element provides for the control of mission-related software changes
and operational software required to evaluate mission success.

6.4.1.4.5 Flight Operations, DOD WBS 320-12

Same as 6.4,1.4
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6.4.2 Ground Rules

6.4.2,1 ETR will be available for Shuttle/Tug launches 12/79 and WTR will not
be available before 1983,

6.4.2.2 NASA and DOD will each have mission requirements which require the use
of both operational launch sites.

6.4.2,3 The AF will be the executive agent and mission operating agency for
the DOD and all DOD users.,

6.4.2.4 The NASA will be the executive agent and mission operating agency for
all users other than the DOD.

6.4.2.5 Operational management control of DOD missions will be exercised from
a DOD Operations Management Center (OMC) colocated with the STC at Sunny~
vale and utilizing the AFSCF network.

6.4.2.6 Operational management control of NASA missions will be exercised
from a NASA Operations Management Center (OMC) Houston and utilizing the
facilities of the STDN (includes TDRS).

6.4.2,7 The combined facilities of both NASA and DOD will be available to
resolve emergency situations should they arise.

6.4,2,8 NASA will be the launch agency at KSC.
6.4.2.9 USAF will be the launch agency at VAFB.

6.4.2,10 Vehicle operations management control will be assumed by the operating
agency at holddown release regardless of the launch site.

6.4.2.11 Three or more orbiters and Tugs will be assigned KSC for the common
use of NASA and DOD during the operational phase.

6.4.2,12 ‘Two or more orbiters and Tugs will be assigned VAFB for the common
use of NASA and DOD during the operational phase.

6.4.2.13 Orbiters will be scheduled for use at each launch site on a national
priority basis. :

6.4.2,14 Orbiters may be exchanged between launch sites.

6.4.2.15 Each operating agency will be responsible for the planning of its
own missions,

6.4.2.16 NASA will maintain a common mission design data base to be used by
both operating agencies.

6.4.2.17 Mission design and mission planning capabilities of both operating
agencies will be compatible in the following areas:

(a) Crew training and procedures
(b) Handling of contingency situations.

(c) Rescue mission design for rescue of a crew in a disabled orbiter.
PAGE G.4- &




(d) The on~board software will be the same for all vehicles with the
exception of some mission peculiar subroutines.

(e) Operating Management Centers (OMC's) mission simulation facilities,
and Launch Control Centers (LCC's) must be compatible with on=board
sof tware.

6.4.2.18 The DOD may utilize NASA-developed software in their OMC. DOD unique
software, if required, will be developed and provided by the DOD.

6.4.2.19 The DOD may utilize the extensive facilities of. NASA OMC to assist
in resolving contingency situations should they arise.

6.4.2.20 DOD payloads will be processed in a DOD controlled facility at both
VAFB and KSC.

6.4.2.21 NASA payloads will be processed in a NASA controlled facility at both
VAFB and KSC.

6.4.2,22 A DOD Shuttle system simulator will be located at VAFB for the train-
ing of DOD personnel. This simulator will be available for closed loop
simulations with the VAFB  LCC, KSC LCC, and OMC Sunnyvale.

6.4.2.23 A NASA Shuttle system simulator will be located at KSC for the train-
ing of NASA personnel. This simulator will be available for closed loop
simulation with VAFB LCC, KSC LCC and OMC Houston.

6.4.2,24 The Tug operations shall be consistent with the safety implications
of operating in the vicinity of themanned orbiter.

6.4.2.25 Orbiter control of all Tug critical functions shall be provided
during deployment and retrieval operations.

6.4.2.26 Safety considerations require Orbiter control of Tug when it is within
20 mm of Orbiter.

6.4.2.27 No single failure shall result in unprogrammed motion of Tug.
6.4.2.28 Command override is available from either Orbiter or Mission Control.

6.4.2,29 Tug shall be capable of providing a low level of status monitoring
to remote stations.

6.4.2,30 All polar orbit payloads will be launched from WTR. .
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6.4.3

Operations Complexity

The method used by GAC is to construct top level mission
functional flow diagrams and assign weighted values to the
various functions, thus giving a quantitative total value to
each mission. Figure 6.4.3.1 lists the various tug missions
and references the figure that shows computation of mission

complexity for each tug configuration.

Caomplex operations will impect the tug design. Those opera-
tions designated as being complex in the functional flow for
the single stage with AKS deployment mission, (fig. 6.4.3.2.-1),
have been examined further. The functional flow is expanded to
the second level in fig. 6.4.3.2-1 & 2 and impacted subsystems
designated in the Functional Allocation Matrix fig. 6.4.3.2-3 & L.
System/subsystem requirements and studies necessary to proceed
with the tug design have been identified in fig. 6.4.3,2-5

through 8.
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6.4.4

Baseline Cost Data

Assumptims
a) Government manpower requirements are 50% of con-
tractors during DDT&E.
b) Mission operations will be completely staffed by
the government in 1982 after two years of flights.
c¢) NASA will be the Tug Contracting Agency, therefore,
will conduct the test flight in December '79.
d) Flight schedule: 1979 1980 1981 1982
NASA 1 2 6 Mission Model
DOD - 1 6 Mission Model
e) NASA will develop operational computer programs,
generate operational data and provide it to DOD.
f) NASA & DOD, MCC will be utilized around the clock,
Methodology

The approach used to define the operations cost data:

a) Establish the tasks to be done in each WBS-
b) Schedule the tasks against program milestones.
c) Assign contractor manpower to each task.

d) Review other programs for comparison (Apollo,
0AQ, Titan).

e) Sum manpower by catagories and convert to dollar
value.
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Methodology: (Continued)

-The method used to determine manpower requirements

was to schedule contractor manpower for a round trip
deployment and retrieval mission,then assume government

manpower at 50% of the contractor. Since it was assumed

that NASA would be the contracting agency, they would

supply data to DOD. If the decision is made that DOD

will contract the Tug Program, then the manpower
allocation would be reversed between DOD/Contractor

and NASA/Contractor.

Both NASA & DOD must be involved in establishing
the initial Tug requirements, therefore, manpower
has been scheduled for both agencies to participate
in this task. Significant effort will be involved

in establishing the requirements for Automatic Mission

Design Program and utilizing this program to plan
missions. However, until this program is opera-

tional, Preliminary Mission Profiles must be generated,

therefore, manpower is also allocated to this task.

Operations manloading has been determined by the fact
that both NASA & DOD will be operating MCC's and a
high degree of automation will be implemented to mini-

mize the number of persomnel required after 1981. This
will be accomplished by: utilizing Automatic Mission

Design program for planning missions; Tug operations will

be samewhat independent of ground control (autonomy level

I1I); and service/maintenance reports provide the mmin

_input for post flight evaluation.
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o Methodology: (continued)
Manpower has been assigned for each task in mission
planning, flight control, evaluation and software.
Thése are subdivided into non-recurring and recurring
manpower. Paragraphs 6.4.4.1 through 6.4.4,14 contain
task flow charts, schedule/manpower and task description.
This manpower has been further divided into prior IOC
and post IOC and is the input to costing in paragraph
6.4.5, where manpower and software word estimates are

converted to dollar values.

To provide visibility into the manpower requirements,
Figure 6.l4.L-a shows the estimate for contractor in all
categories. Graphs of NASA/Contractor, DOD/Contractor
and total manpower for Government/Contractor are in

Figures 6.4.4-b, 6.4.4-c, and 6.k.4-d.
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FIGURE 6.4.4-b
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6.4.4.1 Task Description - Mission Planning

TASK

Pl

P2

P3

P4

Payload Analysis - This task comprises the effort required in analyzing the
physical and mission characteristics of the payloads, comparing these data
with the proposed Tug performance characteristics, Shuttle capabilities, and
determining the optimum Tug design flight maneuvers, flight schedule,

and manner of conducting the Tug missioms.

Flight Development Analysis - This task comprises the effort associated with
evaluating the Tug performance requirements, the extent to which the dev=-
elopment test programs provide verification and establishing the require-
ments for a flight test program to obtain performance data that can not be
obtained by ground test. The analysis will result in a definition of the
Flight Test Program, equipment, personnel and schedules.

Mission Functional Flow - This task comprises the effort associated with
generating a block diagram of major events required to perform each Tug
mission, It provides the basis for defining the Tug system and subsystem
Tequirements,

Mission Requirements - This task comprises the effort associated with gen-
erating a Mission Requirements Document for each Tug mission. It will
describe the mission purpose, mission objectives and detailed objectives.

P5

P6

P7

ach o
alternate mission planning and post flight evaluation., Data requirements
for each objective and its priority will be specified.

Preliminary Mission Profile - This task comprises the effort associated
with the generation of the preliminary mission analysis. It consists of
sequences of events, consumables, and vehicle position in space as a
function of mission time. This is the first step in developing the maneuver
tables, operational timelines, and operational trajectories.

Measurement Data - This task comprises the effort associated with the gen-
eration of a Measurement Requirements Document to provide the necessary data
to size the airborne and ground support data handling equipments for the
Space Tug. These data will define the measurement points, quantity, type and
accuracy of transducers, signal conditioning and telemetry systems for Dev-
elopmental Flight Instrumentation, Operational Instrumentation, and Ground
Support Equipment. Normal operating, pre-launch and flight red line limits
will be provided for each measurement.

Auto Mission Design - This task comprises the effort associated with spec-
ifying the requirements for a mission design data base and associated com-
puter program to facilitate mission planning, real time support and post
flight evaluation by eliminating the routine calculations required to gen-
erate operational timelines and perform subsystems analyses.

An Auto Mission Design program will accept data requests generated by Engin-
eering personnel and will rapidly supply tables of mission events, consum-
ables depletion, equipment duty cycles, mass properties and other requested
Engineering data for mission planning and as a reference for post flight
evaluation. Parametric evaluations in the design of nominal and contingency
missions will be possible with a minimum of clerical labor.
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P8

P9

P10

The program will provide for simultaneous printout of each of the parameters
of interest as a function of mission time to permit each discipline to
evaluate the performance of its subsystem.

It will be used to verify the ability of the Tug to perform all Government
planned normal, backup, alternate and abort missions.

Maneuver Tables = This task comprises the effort associated with the gen~
eration of maneuver tables. These consist of a sequence of maneuvers util-
izing the propulsion systems depicting burn times, Delta-V, resultant
vehicle velocity and orbital parameters for a specific vehicle configuration
and mission. The data forms a basis for timeline, functional analysis,
consumables history, and performance evaluation of Tug options. This task
will utilize the Auto Mission Design Program.

Operational Timelines ~ This task comprises the effort associated with gen-
erating an operational timeline for each Tug mission. It provides a seq-
uence of mission events and event duration., The timeline identifies the
times at which specific attitude maneuvers are required. This task will
utilize the Auto Mission Design Program.

Consumables Calculations - This task comprises the effort required in per-
forming the calculations required to determine consumable utilization of
each subsystem for each Tug configuration and each mission. This effort

P11

P12

P13

will utilize the Auto Mission Design Program which will print out a mission

consumable summary listing consumables remaining as a function of mission
time. A detailed consumables tabulation will be printed out for each sub-
system as a function of mission time indicating the quantity consumed for
each event or maneuver, the duration of the event or maneuver, the quantity
used and the quantity remaining.

Mass Properties = This task comprises the effort required in generating a
time history of the vehicles weight, moments of inertia, products of inertia
and center of gravity for each mission as a function of events that would
cause a change in these parameters. This task will utilize the Auto Mission
Design Program.

Trajectories - This task comprises the effort associated with generating
trajectories for each mission consisting of mission information such as
vehicle position, attitude during powered flight, line of sight data,
separation distances from orbiter and payload and burn times for the main
propulsion system and kick stages. The design trajectories are used to
establish Delta-V budgets, time for major events, number of main engine

and APS burns and top level GN&C accuracy requirements. These will be assem-
bled into a trajectory program for use with the Auto Mission Design Program
which will be used to generate operational timelines and provide data as to
sunlight conditions, tracking station coverage, etc.

Ground Track = This task comprises the effort associated with the generation
of ground track data and will result in a tabulation of acquisition and loss
of signal and site telemetry and data processing capabilities for each Tug
mission,

Ground tracks will be generated utilizing NASA/DOD space and ground networks
available in the Tug time phase. This task will utilize the Auto Mission

Design Program.
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Pl4 Attitude Timeline -~ This task comprises the effort associated with the
generation of data describing the roll, pitch and yaw of the Tug with
respect to inertial and local attitude references for each mission event
time. The data will form a basis for scheduling IMU alignments and estab-
lishing the correct vehicle orientation prior to burns and mission critical
phases. The attitude timeline will provide an input to the thermal history
below .

P15 Thermal History - This task comprises the effort associated with generating
a history of when the Tug enters and leaves sunlight and the duty cycles
of the Tug subsystems to determine the effects on the Tugs thermal balance.
These data will be utilized by the Auto Mission Design Program to determine
the thermal integrity of the vehicle as mission parameters are varied.

P16 Equipment Duty Cycle - This task comprises the effort associated with the
generation of equipment duty cycles for each Tug mission. The effort will
be facilitated by utilization of the Auto Mission Design Program.

P17 Simulation Requirements - This task comprises the effort associated with
establishing the simulation requirements to verify that the Tug can perform
its designated mission. The simulations required to verify the functioning
of on~board computers and the Tug subsystems will be defined.

P18 Deleted

P19 Targeting - This task comprises the effort associated with the determination

—of- the-initial conditions and methods whereby the Tug vehicle will be man-

euvered from point to point in space. The targeting for vehicle burns will
be performed both by the on<board computer and the ground computers. The
ground computer may provide the targeting parameters or act as a backup to
verify the on=board solutions.

P20 Sequencer = This task comprises the effort associated with the determination
of the sequence with which on-board computer operations will be performed.
The task entails both systems analysis and a detailed programming effort.

P21 Dispersion Analysis = This task comprises the efforts associated with the
generation and tabulation of error sources and magnitudes and a determin~
ation of their cumulative effects on the performance of the Tug mission.
These errors include initial conditions, navigation and guidance systems
component errors, propulsion system burn uncertainties, radar tolerances
and all other uncertainties to ensure that the vehicle has a sufficient
margin to successfully perform its mission considering a worst case error
buildup.

P22 Data Priority -~ This task comprises the effort associated with investigation
of potential problem areas in the operation of the Tug mission and proposing
a mission, hardware, software or procedural resolution. The issues con~
sidered are major involving crew safety or those having a significant effect
on the program.

P23 Malfunction Analysis - This task comprises the effort associated with gener-
ating a Malfunction Analysis for the Tug vehicle utilizing the failure data,
from the Failure Modes and Effects Analysis. Diagnostic and corrective
action procedures will be generated for each failure to the level at which
corrective action is possible either via ground commands or via the on-
board Data Management system. Emergency procedures will be generated for
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failures that require immediate corrective action via the on-board system.

P24 Contingency Profile - This task comprises the effort associated with the
generation of preliminary mission profiles to be utilized in the event a
failure occurs during flight preventing the Tug from performing its primary
mission or if a contingency mission has to be scheduled on short notice.
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6.4.4.2 Task Description - Flight Control

TASK

Cl

c2

c3

C4

C5

cé

Systems Handbook - This task comprises the effort associated with generat-
ing the Systems Handbook, a document containing Tug system descriptions,
drawings and supporting data intended for specialized use by flight con-
trollers in real-time and near real time mission support operations and for
ground checkout. The handbook contains a compilation of end-to-end functional
flow diagrams for all of the Tug systems and describes the interface require-
ments between the Tug and other contractor equipments. The diagrams and
related technical data contained in the handbook provide the necessary equip-
ment detail to serve as a familiarization and trouble-shooting aid in simul-
ations or flight tests and aids in the development of mission rules and
workaround procedures.

Hardware and Software Simulation Math Model = This task comprises the effort
required to generate the requirements for math models representing the
performance of the Tug hardware and software to permit digital simulation
without the requirement to utilize the actual Tug equipments. The programs
generated firom the math modeis wili provide the same input/output responses
as the actual equipments,

Flight Operations Plan = This task comprises the effort required to generate
the flight operations plan, a document presenting an overall outline of the
manner in which the Tug mission is to be supported and conducted by the
contracting agency to accomplish the objectives of the mission. It contains
support plans for each of the cognizant agencies delineating the respon-
sibilities of each and establishes a chain of command for support of the
migsion,

The real time command philosophy is established and operational constraints,
go-no go criteria and abort modes are stated and described and Telemetry
capabilities and site locations as well as other data required to describe
the top level description of support of the Tug mission are included.

Tracking Plan = This task comprises the effort required to establish the

tracking network location and characteristics required to support the Tug
flight test and operational missions. Tracking coverage and data handling
requirements. will be specified for the life of the Orbiter/Tug system.

Operational Data - This task comprises the effort required to develop the
spacecraft Operational Data Book which will provide a single source for
significant Space Tug nominal, off nominal, contingency performance and
hardware constraints data. The data will be used for trajectory develop-
ment, generation of Tug checkout procedures, consumables analysis, real
time contingency mission planning and post flight data evaluation.

Mission Simulation Math Model - This task comprises the effort required to
generate the mission simulation math model a series of routines which
permit a ground base computer to simulate a Tug mission in real-time and
provide realistic outputs to control and display consoles for flight crew
and mission support, personnel training and procedures development.
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C7

c9

Cl0

Cll

Cl2

The model permits varying certain parameters to simulate off-nominail
conditions.

Mission Rules - This task comprises the effort required to generate mission

rules a compilation of pre~planned procedural statements which provide
flight control personnel with guidelines to expedite the decision making
process in the event of failures, contingencies, or off-nominal operations
during flight. The document id divided into two basic categories; general
rules and specific rules. The first category defines the minimum capabil~
ities which a subsystem has to provide to permit performing a particular
mission phase. The second category describes a particular condition or
malfunction of a subsystem the mission phase during which it occurs or is
detected and a specific go or no go ruling and reconfiguration instructions.

Launch Rule Rationale - This task comprises the effort to generate launch
mission rules rationale for each Tug mission to provide an input to the
launch rules by specifying pre-planned decisions when non-nominal conditions
occur during the launch countdown and applicable pre-launch tests. The
launch rules are effective from orbiter power-up to a few seconds prior to
lift~off. Launch rules apply to all operational elements involved in the
countdown and launch,

The document defines launch window periods, weather restrictions, Range
Safety rules and redlines for the orbiter and Tug vehicle sub-gystems., A
section provides rules for Technical Support Operations including instru=-
mentation and other non launch site support requirements,

Crew Operating Procedures - This task comprises the effort associated with
generating crew operating procedures consisting of detailed operating pro=-
cedures performed by the orbiter flight crew in checkout, configuration,
deployment and retrieval of the Space Tug for each Tug mission. The crew
operating proceduresdocument contains the Flight Crew Procedures which
define the sequence of actions necessary for safe efficient equipment
utliization under all operating conditions. Nominal and backup procedures
are described and will form the basis for simulation and training for flight
crew and mission support personnel.

Crew and Flight Control Training - This task comprises the effort associated
with generating a training plan which will establish the hardware and class-
room,mockup and simulator training requirements necessary to familiarize
Flight Crew and mission support personnel with the Tug subsystems and
migsions to ensure success of the Tug operations. It will define the type

of personnel to be trained, training documentation required and establish
criteria for success.

Flight Plan = This task comprises the effort associated with developing

the Flight Plan which schedules the operations required to fulfill the test
objectives defined in the Mission Requirements Document. It contains a
detailed timeline of mission events as a function of mission time listing
all of the functions to be pegformed by the flight control personnel, con-
sumables utilization curves, burn tables telemetry coverage and data re-
quired to monitor and support the flight,

Abort Plan = This task comprises the effort associated with generating the
Abort Plan an investigation of a number of alternate missions that could
be utilized given a number of contingency situations that could arise in
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C13

Cl5

C16

(@]
-
~J

C18

the course of a mission which would jeopardize mission success, mission
requirements, rules and constraints. Alternate missions are described.

The data presented include a description of the alternate mission, a timed
sequence of events and data required such as telemetry coverage and ground
tracks.

Flight Control Handbook = This task comprises the effort associated with
the preparation of a detailed Flight Control Handbook. This document will
detail all of the information required by the Flight Controller and his
personnel to perform the operational mission. It will contain detailed Tug
command routines and procedures.

Real Time OPS Plan -~ This task comprises the effort associated with the
preparation of a real time operations plan. The plan will designate the
responsibilities and functions of all personnel involved with Tug Real
Time operations.

Support Launch - This task comprises all of the efforts associated with
support of a Tug mission launch.

Real Time Mission Control - This task comprises all of the efforts assoc-
iated with the ground control and support of a Tug mission.

Operate Comm, Network « This task comprises all of the efforts associated
with providing global tracking coverage for a Tug mission.
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6.4.4.3 Task Description - Flight Evaluation

TASK

El

E2

E3

E4

Evaluation Program Requirements - This task comprises the effort associated
with establishing the requirements for the Tug Flight Evaluation Program.

This will result in a definition of the software evaluation program require-

ments.

Evaluation Plan =~ This task comprises the effort required to generate the
flight performance evaluation plan a document which defines the require-
ments for a baseline analysis of the performance of the Tug. It is also
intended to facilitate the formulation of a Performance evaluation report
by compiling that information to be included in the report which lends it-
self to pre-flight determination. The document will contain:

(1) A section on evaluation requirements and success criteria for deter=-
mination of vehicle performance characteristics, detailed objective
satisfaction and significant mission event satisfaction.

”~~
N
S’

A general outline of th

ine e e
for the resulution of flight problem

(3) A synopsis of the data reduction support being provided for the eval-
uation effort.

Post Flight Evaluation - This task comprises the effort after each mission
associated with evaluating mission and subsystem performance of the Tug
based on the requirements established by the evaluation plan,

The task involves analysis of the telemetry data and comparison with the
pPreviously established success criteria.

Problem Resolution = This task comprises the effort after each mission

associated with resolving flight anomalies utilizing the techniques and
procedures specified in the Evaluation plan. A thorough analysis will be
made of each flight anomaly and a hardware, software or procedural resol-
ution developed for incorporation as a modification to ensure that the
anomaly does not reoccur.
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6.4.4.4 Task Description -~ Software
TASK

S1  Onboard stem Programs - This task comprises the effort required to
generate detailed flight programs for loading the data management computer.
These programs will perform the Guidance and Navigation calculations to
control the Tug from its deployment until its return to the orbiter and
will also supervise the on-board maintenance of the Tug.

S2  Auto Mission Design Programs ~ This task comprises the effort required to
generate and verify the executive, data handling and computation programs
required to perform task P7.

S3 Hardware and Software Simulation Programs - This task comprises the effort
required to generate and verify the computer programs to implement the math
models generated in task C2.

S4 Mission Simulation Programs - This task comprises the effort required to
generate and verify the computer programs to implement the math models
generated in task (6,

S5 Orbiter Tug Control Programs ~ This task comprises the effort associated
with development of computer programs which will permit interchange of data
and control commands between the orbiter and the Tug to permit the orbiter
crew to assess Tug launch readiness.

S6  Evaluation Programs - This task comprises the effort required to generate
and verify the computer programs required to perform task E3.

87 Console Display Programs - This task comprises the effort required to convert
telemetry data into a form required for presentation on the mission support
consoles, '

S8 Real Time Prediction Programs - This task comprises the effort to generate
and verify the computer programs required to permit processing of real time
telemetry data at regular intervals and to determine the extent to which
the Tug is meeting its mission and subsystem requirements and extrapolate
the data to indicate trends requiring possible corrective action,
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6:4:4-9-3 CONTROLLER STATION REQUIRE PENTS

| SYSTEMS CONTROLLER |
) !
DISPIAY

CRT LIGHTS
z |
CoMM PAGE P/L & TUG
j TELEPHONE SELECT |REND'Z CMD
j ENA/DISA

"OPERATIONS MANAGER

coMM PAGE
TELEPHONE | SELECT

. RENDEZVOUS, DOCKING & SERVICING CONTROLLER
DOCKING :
v & SERVICING ;
DISPIAY MONTTOR %
|
!
CoMM ;
TELEFHONE CONTROL |
. e |
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6-4-4:-9-4 CONTROLLER STATION REQUIREMENTS (coNT)

PAYLOAD INTERFACE & EXPERIMENT CONTROLLER

CRT DISPILAY

PAGE SELECT KEYBOARD
COMM TELEPHONE BOX

P/L COMMAND GENERATION KEYB'D (THROUGH SYST. CONTROLLER)
P/L STATUS DISPIAY

CRT

coMmM
TELE-
HBHONE -

PAGE
SELECT

PAYLOAD
STATUS
DISPIAY

PAYIOAD
COM'D

GENERATION

REAL TIME MISSION PLANNER

CRT DISPIAYS

PAGE SELECT KEYBQARD
MISSION STATUS DISPLAY-LIGHTS
COMM TELEPHONE BOX
DATA REQUEST PANEL TO MISSION PARAMETER COMPUTER
DATA INPUT PANEL TO MISSION PARAMETER COMPUTER

CRT

DATA
REQUEST

DATA comM
INPUT TELEPHONE

PAGE

SELECT

DISPLAY
LIGHTS
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Table 6.4.4.9-5

Mission Control Center Cost Estimate

Real Time Computer and Peripherials
Time Code Generator System
Peripherial Switch

Real Time Mission Planner Console
Operations Mgr Console

Payload Interface Console

Systems Monitor Console

Analogue Recorders
Simulator Interface Computer
Rendezvous Docking & Serv. Display
Mission Para. Computer, Etc.
Common Data Base, etc.
System Cables
with docking & servicing display
w/o docking & servicing display

Facilities East Coast .L12 M
Facilities West Coast .4ok M

3@ -7

2@ .065
2@.015
2@ .0k
2@.0k4
2@ .04
GFE

2@ .03
1@.06
1@ .27
GFE

GFE
150@ $400.

- PAGE 6.4- 76

2.10M
.05M
.05M
.13M
.03
.08

.06
$3.05M
2.78M
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TABLE 6.4.4.10-2  TYPICAL MISSION ACTIVITIES - 1982

FLT. NO.

25 26 27 28 29730 31 32 33 °
TASK AN AN AL A LA

AU, SERL,_QCT, OV, DEC, . JAN,

FLIGHT PLANNING

P4
)33)
P7
P17
P19
P20
PRl
P22

Mission Requirements
Maneuver Table
Auto Mission Design

Update

Simulation Req'mts

Targeting -
Sequencer
Dispersion Analysis
Data Priority

W

o

- s at

FLIGHT CONTROL

c-1
c-2
Cc-5
c-6
Cc-7
c-9
Cc-10
C-11
Cc-13

Update
Update
Update
Update
Update
Update
Update
Flight
Update

Systems Handbook
Sys. Sim. Model
Operational Data
Mission Sim. Model
Mission Rules

Crew Ops. Procedures
Crew & Flt.Ops.Train
Flan

Flt. Cont. Handbook

C-14 Mission Simulation

C-16 Support Launch

C-17 Real Time Mission Control
C-18 Operate Comm. Network

FLIGHT EVALUATION

E-3 Post Flt. Eval
E-4 Problem Resolution

SOFTWARE

S-1
S-2
S-3
S-l
5-5
s-8

Update
Update
Update
Uvndate

Update
Update

Onb'd. Sys. Programs
Auto Miss. Design
Sys. Sim. Programs
Miss. Sim Programs

Orbiter Control Prog.
Real Time Prediction

11

AGE 6.4= 78 ~

Y r\ﬂo—a

L AVIN O ol TV G AWV o AV

24
(4 shifts)

TOTAL 36

T

TOTAL

Costed "in
Software

Word
Estimate
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TABLE 6.4.4.11-2

25 26

JULY .

| ‘27 28
TASK A A AN

Az, SEPT.

TYPICAL MISSION ACTIVITIES - 1982

FLT. NO.

29730 31

A A

OCT,. NOV,

32 33 " 3L
ya\ AN

A

. DEC, . JAN,

FLIGHT PLANNING

Pl
23
P7
P17
F19
. P20
P21
pe2

Mission Requirements
Maneuver Table

Auto Mission Design
Update Simulation Req'mts
Targeting

Sequencer

Dispersion Analysis

Data Priority

= =W
NJ= NOft=

If\)f\)

EAVE XV T A

FLIGHT CONTROL

c-1
c-2
C-5
c-6

-7
-9

-

c
c
c
c

Update Systems Handbook
Update Sys. Sim. Model
Update Operational Data
Update Mission Sim. Model
Update Mission Rules

Update Crew Ops. Procedures

O Update Crew & Flt.Ops.Train
«11 Flight Plan

C-13 Update F1lt. Cont. Handbook
C-14 Mission Simulation

C-16 Support Launch

C-17 Real Time Mission Control
C-18 Operate Comm. Network

=N N 4 0k N - N

2L
(4 shifts)

IR

FLIGHT EVALUATION

E-3
E-4

Post Flt. Eval
Problem Resolution

SOFTWARE

S-1
§=-2
S-3
S-k
S=5
s-8

Update Onb'd. Sys. Programs
Update Auto Miss. Design
Update Sys. Sim. Programs
Update Miss. Sim Programs

Update Orbiter Control Prog.
Update Real Time Prediction

oj= =

TOTAL

|12

Costed "in
Software
Word
Estimate

oraL 36|
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) pop A
TABIE 6.4.4.12-2 TYPICAL MISSION ACTIVITIES - 1982

FLT. NO.

o 25 26 27 28 29730 31 32 33 3h
TASK AN AN AN A LN A D

JULY - Aug, SEPT. OCT, NOV, . DEC, . JAN,

FLIGHT PLANNING

P4 Mission Requirements
P8 Maneuver Table

P7 Auto Mission Design
P17 Update Simulation Req'mts -
P19 Targeting _
P20 Sequencer ' _
P21 Dispersion Analysis |
P22 Data Priority ) -

|
H HREWw -
Nji M=

|ro o

+3
3
e
~y
)
()

E

FLIGHT CONTROL

C-1 Update Systems Handbook ' -
C-2 Update Sys. Sim, Model -
C-5 Update Operational Data : -
C-6 Update Mission Sim. Model -
C-7 Update Mission Rules -
C-9 Update Crew Ops. Procedures 1
C-10 Update Crew & Flt.Ops.Trein -
C-11 Flight Plan ——
C-13 Update Flt. Cont. Handbook —
C-1k Mission Simulation —
C-16 Support Launch ‘ _ 2k
C-17 Real Time Mission Control . . | (4 shifts)
C-18 Operate Comm. Network ' | -

= NN RN D

TOTAL 36

FLIGHT EVALUATION

E-3 Post Flt. Eval : : -
E-L  Problem Resolution : . :

TOTAL

FO| 1 ot

s

SOFIWARE

~S=1 Update Onb'd. Sys. Programs | ___ .
S-2 Update Auto Miss. Design L ' : Costed “in
S-3 Update Sys. Sim. Programs - Software
S-4 Update Miss. Sim Programs 1| o ate
S-5 Update Orbiter Control Prog. '
S-8 Update Real Time Prediction

- PAGE 6€.L4=- 82
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TABLE 6.4.4.13-2 TYPICAL MISSION ACTIVITIES - 1982

FLT. MO,

25 26 27 28 29°30 733
TASK A DN AN AN A N A N

JULY AU, SEPT., OCT. NOV, .

32 33 3y

DEC. . JAN,

nasa A
pop A

FLIGHT PLANNING

Ph  Mission Requirements

P8  Maneuver Table

P7 Auto Mission Design

P17 Update Simulation Req'mts
P19 Targeting

P20 Sequencer

‘P21 Dispersion Analysis

P22 Data Priority

FLIGHT CONTROL

C-1 Update Systems Handbook
C-2 Update Sys. Sim, Model

C-5 Update Operational Data
C-6 Update Mission Sim. Model
C-7 Update Mission Rules

C-9 Update Crew Ops. Procedures
C-10 Update Crew & Flt.Ops.Train.
C-11 Flight Plan

C-13 Update F1t. Cont. Handbook
C-14 Mission Simulation

C-16 Support Launch

C-17 Real Time Mission Control
C-18 Operate Comm. Network

FLIGHT EVALUATION

E-3 Post Flt. Eval
E-4 Problem Resolution

'l\) NDH HRHPFW -
= PO

]
-]
1

=
.-l
E

)._l
O\

H MO N NN -

24
(4 shifts)

TOTAL 36

1
1
TOTAL o

—SOFTVARE

S-1 Update Onb'd. Sys. Programs
S-2 Update Auto Miss. Design
S-3 Update Sys. Sim. Programs
S-4 Update Miss. Sim Programs
S=5 Update Orbiter Control Prog.
S-8 Update Real Time Prediction

L] —

[:.,.. -

2

Costed "in
Software
Word

Estimate
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6.4.4.15

BASELINE COSTS

Table 6.4.4.15-1 is constructed as follows:

Contractor man-year requirements are taken from Table
6.4.4-8; and NASA or DOD man-year requirements are assumed
to be 50% of the contractor requirements (as stated in

the assumptions list in Section 6.4.4). The computer

time requirements are set as a function of mission flight
time. The flight software DDT&E k.iloword requirements,
on-board and MCC, are taken from Table 6.2.5-7. VMMPS

and SIM kiloword estimates are set based on previous flight
program experience., Flight software for recurring operations
per flight (NASA or DOD) were set as follows: with
reference to Table 6.2.5-T, on-board and Ground (MCC)
kilowords/flight = 0.1 S/S Monitor kilowords plus 0.25 x
Sequencing kilowords.

With Table 6.4.4,15-1 established, a translation is made
to Level 2 costs in Table 6.4.4.15-2. This is achieved
in the following manner:

(1) Flight software cost estimates are established
first, using the same technique used for autonomy
Level 3 and msking VMMPS proportional to ONBOARD
and SIM proportional to MMC.

(2) Mission Planning requirements are made proportional
to Flight Software ONBOARD requirements.

(3) Flight Control requirements are made proportional
to Flight Software MCC requirements, and

(4) Flight Evaluation requirements are unchanged.

With the cost data factors in terms of man-year computer
hours and kilowords now at hand for the 1l-stage round-trip
at 3 flights/year and at both autonomy Levels 3 and 2,
translation is made to Tables 6.4.4.15-3 and 6.4.4.15-L
which are completely in terms of $M, by using the following
procedure, Manyears are multiplied by 1860 MH/yr x 11.66
/MH; computer hours are multiplied by 450 $/hr; and software
kilowords are multiplied by 200,000 $/kiloword for
non-recurring operations and 40,000 $/kiloword for recurring
operations. Tables 6.4.4,15-5 and 6.4.4,15-6 represent a
reduction; and Tables 6.4.4,15+7 and 6.4.4,15-8 represent
final reduction to the reference or baseline costs for
the 1 stage round-trip mission at autonomy Levels 3 and 2.
Further expansion of data from these baseline costs to
other flight-type missions is described in Section 6.4.4.16.
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6.4.4,16 Application of Complexity Factors to Baseline Costs

Baseline costs are shown in Tables 6.4.4,15-7and 6.4.4,15-3 foe the
1 stage round trip mission using autonomy level 3 at a flight frequency
of 3 flts/yr. The next step is to obtain costs for the other types of
flights. This is done by multiplying the baseline costs shown in Tables
6.4.45-7 & 644/5B by the following ratio of complexity factors,
Complexity Factor for Selected Ixse of Fltl, where the complexity factor
Complexity_Factqr Por Round Trip (117 .

for each type of flight is given in Table (,2,5-I. The results of this

step are the costs given in Tables 6.4.4.16-1 through 6.4.4,16-3. These

are the tables which are applied to a particular configuration - option.
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SYMBOLS

D - 1 STAGE DEPLOYS FL

DX - 1 STAGE DEPLOYS PL - AKS

DE - 1 STAGE DEPLOYS PL. TUG IS EXPENDED

MD - 1 STAGE MULTI-DEPLOYS (2 PL)

MDK - 1 STAGE MULTI-DEPLOYS (2 PL - AKS)

R - 1 STAGE RETRIEVES PL OR RETRIEVAL DEIAYED PL OR PL-DKS
RT - 1 STAGE DEPLOYS PL AND RETRIEVES PL

RTK - 1 STAGE DEPLOYS PL ~ AKS AND RETRIEVES PL - DKS

DN - 1 STAGE DEPLOYS PL AND RETRIEVAL DELAYS FL,

DKN - 1 STAGE DEPLOYS PL - AKS AND RETRIEVAL DELAYS PL.

2D - 2 STAGES DEPLOY PL, USING SLING - SHOT TECHNIQUE.
1ST STAGE DEPLOYS 2ND STAGE AND RETURNS. 2ND
STAGE DEPLOYS PL AND RETURNS

2RT - 2 STAGES DEFPLOY PL AND RETRIEVE PL, USING REVERSE
SLING-SHOT TECHNIQUE. 1ST STAGE DEPLOYS PL AND
RETRIEVES PL AND ORBITS, 2ND STAGE RETRIEVES 1ST
STAGE AND RETURNS.

SO - 1 STAGE SORTIE: CARRIES PL TO MISSION ORBIT, RE-
MAINS WITH PL THROUGHOUT MISSION, AND RETURNS WITH
PL.

S - 1 STAGE SERVICES 1 OR MORE PL (2 PL).

IYPE 1: REPLACED PART DISCARDED,
IYPE 2: REPLACED PART BROUGHT BACK

MDN 1 Stage Multi-Deploys (2 PL) and Retrieval Delays PL.
N 1 Stage Retrieval Delays PL.

MDR 1 Stage Multi-Deploys (2 PL) and Retrieves PL.

2DE 2 Tandem Stages Deploy 1 PL. Both Stages are Expended.
2MD 2 Stages Multi-Deploy PL, using Sling-Shot Technique.

First Stage Deploys Second Stage and Returns. Second
Stage Multi-Deploys (2 PL) and Returns.

2R 2 Stages Retrieve PL, using Reverse Sling-Shot Technique.
First Stage Retrieves PL and Orbits. Second Stage Retrieves
First Stage and Returns.

2MDR 2 Stages Multi-Deploy (2 PL) and Retrieve PL, using Reverse
Sling-Shot Technique. First Stage Multi-Deploys 2 PL and Retrieves
1l PL, and OrbitsﬁA(gfconﬁwstg%g‘Betrieves First Stage and Returns.
6.~ €
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6.4.4.17 Network Operations Costs
Remote Slte Costs - DOD

The Remote Sites in the AFSCF network includes 3 Dual Tracking Stetions
and 4 Single Tracking Stations. Operationally, the Remote Station team is
directed by the Operations Controller who operates a Station Operators Console
where status and station configurastion are displayed visually. The Operations
Controller is in voice cammunication with the sppropriate Controller in the
assigned Mission Control Complex at the STC. Each site is time shared by TUG,
Payloads and Shuttle. Scheduling of Remote Site Time is directed from the STC.
Costs are then shared on a time usage basis.

$ = # Men at Site x Flight Time x
Duty Factor x Rate

Additional costs should be charged for training each
Controller team gt:

$ = Men x Training Time x Rate

0 Remote Site Costs -~ NASA

A similar approach utilized above to cost DOD will be used for
NASA remote sites.
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6.4.5 Cost Data Sheets

Tables 6.U4.U4.16-1 through 6.4.4.16-3 are used to obtain cost data for a selected
configuration - option. A description of the procedure is given for a configura-
tion which evolves, namely 310 +-310RE, Option 3A. The processing for the other
Programs which evolve is similar. In the case of the programs which do not evolve,

the procedure is a reduced version.

Recurring Costs

Recurring costs are computed initially as shown in Table 6.4.5-1, separated into
2 parts: Ievel 3 (1980, 81, 82) and Level 2 (1983 through 1990). 1In this table,
the number of flights in each flight-type category is taken from the capture '
analysis and the costs per flight for mission planning, flight control, flight
evaluation, and flight software are taken from the reference cost tables (Tables 6.4.L.]
through 6.4.4.16-3 ). The costs per flight are then multiplied by the nos. of
flights to get total costs.

The next step is to compute: costs for the year 1983 at autonomy level 2,
which is shown at the top of Table 6.4.5-2, In the lower half of Table 6.4.5-2, the
1983 autonomy Level 2 costs are added to the 1980, 81, 82 autonomy level 3 costs
from Teble 6.1.54 to get the recurring costs for the initial configuration.
Similarly, the 1983 autonomy level 2 costs are subtracted from the 1983 through
1990 antonomy level 2 costs from Table 6.4.5-1. The results are brought to Table
61h5~3,where adjustments are made to account for the number of flights per year
being different than the baseline level of 3 per year. The recurring manpower
requirements per flight (mission planning, flight control, + flight evaluation)

as a function of the no. of flts/yr. are shown in Fig. 6.4.5-1.

anrecurringﬁCosts

With regard to nonrecurring costs, the appropriate data from Reference Tables 6.L4.4
through 6.4.4.,16-3are inserted into Table 6.4.5-L. TFor the initial configuration

Mission Planning DDT&E, the first row of mmbers, 6.39/3.35 represent costs for
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the highest complexity factor type of flight flown in the autonomy level 2 year
1983, in this case, a multi-deploy. The next row of cost numbers, 5.22/2.7& is
for the highest complexity - factor type of flight flown in the antonomy level 3
years 1980, 81 and 82. The next row is obtained by taking for pre-IOC, the level
3 no. 5.22 and for post-IOC, the post-IOC level 2 no. 3.35 plus the difference
between the pre-IOC nos. 6.39 and 5.22. The same procedure is used for the

other categories under initial configuration DDT&E or Flt. Test, with the one
exception being in flight control where both level 3 nos. (end row are taken for
the 3rd row.

In the case of the evolved configuration mission planning DDT&E, the top
row 9.27/4.86 is for the highest complexity factor type of flight flown in the
years 198l through 1990. The 2nd row 6.39/3.35 is the same as the first row
under initial configuration mission planning DDT&E, i.e., level 2 1983. The
3rd row 2.88/1.51 is the difference between the lst and 2nd rows. The other sets
are done in the same way for the evolved configuration DDT&E or flight test.

Using the procedures described above, costs were obtained for the 6 programs

and are sumarized in Tables6.4.5.1-1 through 6.4.5.4-4,
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TABLE 6.,4.5-2

LEVEL 2 1983
310-3A —~ 310RE-3A

—QSL/FLT TOTAL COST
Type of No.
Flt, Flts MP FC FE FS MP FC___FE FS
D 3 .093 1 017 .086 .28 .33 .051 .26
NASA MJ 9 .ll 013 .02 0.1 ‘99 1017 018 .90

TOTALS 1.27 1.50 .23 1.16

D 6 .093 .11 .017 086 .56 66 10 .52
DOD MD 8 o1l 13 <02 .10 .88 1.04 .16 .80
SO 1 079 091 .014 .073 079 .091 ,014 .073
TOTALS 1.52 1.79 .27 1.39
CONFIGURATION
Initigl 210 = 3& E‘vmisnﬁﬁ ‘2:1Qgg.::9:§
MP FC FE FS MP FC FE FS
NASA Level 3 1.30 Lel7 27 1.30 19,96 23,76 3.62 18.41
Level 2,1983+ 1.27 + 1.50 + .23 + 1.16 =1.27 _ 1.50 = .23 - 1,16
Total 2.57 5.67 0.50 2.46 18.69 25,26 3.39 17.25
DOD Level 3 1.33 Lol 28 1.33 16.12 19,00 2.90 14.83
Total 2.85 6.03 55 2,72 14.6 20.79 2,63 13.44
NO FLTS
Initial Evolved
Configuration _ Configuration
NASA 28 172
DOD 31 129
NO, YRS L
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6.5.1

Velocity Package Sizing and Data

There were three ground rules for sizing the velocity packages.
First, within an option the number of different sizes would be

kept as small as possible. Cluster arrangements of a common size
should be used to achieve variation in sizes where possible.

Second, mission operations and profiles should not be unduly
complicated. Third, the package should be sized to achieve required
performance, not necessarily the maximum performance.

Figures 6.5.1.1, 6.5.1.2 and 6.5.1.3 show the deliverable payload
and SRM sizes for planetary missions 21, 22, 23 and 24. The Tug
thrust level was 7,500 1bs. The SRM ISP was 295.5 seconds with

= 0.92. The SRM's were two stage vehicles where each was sized
to impart 1/2 of the total AV required. An overall structural
weight of 3 percent of the initial weight and an avionics package
of 2.6 1bs. was carried to burnout. The 'g' losses for the Tug
were taken from a memo from F. Spurlock of Lewis Research Center.
Losses of 1,600 Fps were added to the requirements for the SRM
performance. These figures illustrate the wide range of SRM sizes
which can satisfy these mission requirements. This characteristic
allows for a basic kick stage to be sized for other missions and
still be used efficiently in the high energy range of requirements.

The option 1 Tug/SRM can deliver =2z 5,000 to 18,000 Fps, =~ 2,460 1bs
to 22,000 Fps and 2% 1,690 1lbs. to 24,000 Fps. Missions 21 and 23
are achievable and missions 22 and 24 are not achievable.

During the study it evolved that the round trip mission imposes the
most difficult constraint on the SRM selection. For this reason,
first considerations were given to this mission. The round trip
performance to equatorial geosynchronous orbit vs. Tug/SRM AV
split was derived for the four basic Tug AKS configurations. The
results showed that the maximum performance occurs when the Tug
imparts 8,000 < 4V Tug < 9000 Fps and the SRM imparts 6000 <4V
SRM < 5000 Fps. Moreover the difference in payload over these
ranges is € 50 1bs. Since the apogee burn requires 226000 Fps,
from a mission simplicity standpoint the SRM should perform this
total burn,

The ratio of the size of the SRM for the AKS and DKS is = 2-1.

In accordance with the first ground rule, this ratio was forced

to be exactly 2-1 so that the ascent kick stage performs slightly
less than the full apogee burn. Further the ascent and descent SRM
consisted of a cluster of a smaller basic sized SRM. The delivery
and retrieval performance of all the configurations were then
evaluated using the SRM's sized for the round trip. Figures 6.5.1.4
and6.5.1.5 are the curves used to determine the sizes.
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Figure 6.5.1.4 shows the total weight in orbit and SRM required
to get it there vs. A V. These figures show Weight vs 4 V by
Tug. Figure 6.5.1.5 shows the weight in orbit, the weight
recovered and SRM weight required to recover the package. This
curve is used to determine the recovery SRM characteristics,

Looking first at Figure 6.5.1.5 mark on the welght retrieved

curve the required (payload plus avionics and structure). Then
read the required retrieval SRM weight., If this SRM weight is a
multiple of the round trip SRM it is a probable solution for the
DKS. We would then read from the weight in orbit curve the weight
which was delivered.

Going to Figure 6.5.1.4 to the same weight in orbit, read the
required SRM weight to have delivered the package, If this

weight is a multiple of the round trip basic SRM it would represent
a solution., Assuming it didn't happen, we itterate going back

to Figure 6.5.1.5 take a slightly larger or smaller (payload plus
avionics and structure). Read the corresponding required SRM, If
it is a multiple, continue to figure b and repeat the process. It
happens sometimes that there is no solution which is a multiple of
the basic round trip SRM. 1In this case, a new SRM size is tried and
the procedure is repeated. A similar process is used for the deploy
and double deploy missions. Tables 6.1.2.1 thru 6.1.3.7 show the
selected kick stage sizes and performance for all options.
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6.5.2
6.5.2.1

6.5.2.2

6.5.2.3

6.5.2.4

6.5.2.5

Expendable Tug vs. Tug-To-Tug On-Orbiter Assembly

Objective: Determine most cost effective way for storable
tug to perform high energy missions,

- Expend Tug
- Dual Shuttle launch and recover of both tugs.

Guidelines

© Baseline used for programmatic and cost analyses was
expendable Tug

© Expendable Tugs were required only to perform the NASA
high energy planetary missions.

0 For programs costed, no. of Tugs expended varied from 8
(for programs with AKS) to 17 (for programs without AKS)

No. of expended Tugs directly affected Tug fleet size
Dual storable Tug flights also required AKS to capture
high energy planetary missions.

Operational Cost Comparison

© Expended Tug Equivalent OPS cost = (OPS Cost of one shuttle
Flightyhverage OPS Cost of one Expended Tug Flight) =
($10.5M) + ($10.7M) = $21.2M

© Tug-to-Tug on-orbit assembly Equiv. OPS Cost = (OPS
Cost of two Shuttle Flights) + (OPS Cost of one reusable
Tug flight)+(Average OPS cost of one reusable Tug + AKS
flight) = ($21M) + ($1.1M) + ($2.314)=g24 . 4M.

o Therefore expendable Tug results in $3.2M lower equiva-
lent OPS cost/flight than tug-to-tug on-orbit assembly.

Development Cost Comparison

0 Tug progrem designed to accomodate Tug-to-Tug on-orbit
OPS would increase DDT&E costs.

0 Areas of increased DDT&E Cost are:

- Interstage and rearward docking hardware (similar
to 2-stage tug requirements)

- Expanded vehicle ground test/flight test program
- Modifications to on-board/ground based flight software
- Expanded flight OPS control facility and GSE

Summary

0 Expending Tugs for high energy missions results in both
lower OPS cost and lower DDT&E cost than Tug-to~-Tug on-
orbit assembly.

o Therefore, present baseline (expending Tug) is cost

effective.
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6.5.3 Multi Deployment Analysis

6.5.3.1 Ground Rules

The first and second packages in the multiple-deployment schemes were
separated by 60 degrees central angle. When a third payload was deployed it was
placed with the second payload with no additional allocation for phasiung time
or AV budget.All packages on a Tug were assumed to be the same weight.For the
missions augmented with kick stages the total apogee burn with 28.5 degrees
plane change was performed by the kick stage.

6.5.3.2 AV Budgets

The AV budgets for this study were selected to closely reflect the previous
multi-deployment budgets. The ascent portions are identical. The on-orbit all-
ocations were modified to perform the 60 degree phasing maneuver. For the
missions augmented with kick stages the descent budget was reduced to reflect a

smaller nodal regression penalty for the 60 degree spacing. These budgets are
tabulated in Table 1.

£ £ 2 1
Vedoeded . ounmnary ©

A tabulation of the performance capability of the four options is shown
in Table II. The data includes the NASA and DOD performance for level II and
level IV autonomy.
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TABLE 1

MULTIPLE DEPLOY AV BUDGETS

SINGLE STAGE SINGLE + AKS

PROP, MISSION THRUST~~ LBS THRUST > LBS
SYS. LEG 7500 1200 7500 1200
MPS OUTBOUND 14018 13967 8098 8034
AKS OUTBOUND - - 6014 6011
MPS ON-ORBIT 292 292 432 432
MPS RETURN 13891 13885 9241 9235




SocY S6L6 88LC AAR SV + TY00-NOLAV II TAATT
€1L GL0T A9 YET1T TI0D=-NOLAY II TIATT
1282 1LEY zE8C 88EY SAV + HY0D-NOLAYV III 'THAXT
798 00€1 106 6S€T TI0D=-NOLAY III THAAT
de-3aV 01S g€
L10€ L99% 820€ £89% SAV + HI0D-NOLAV II TAAAT
66€1 6012 9€H1 S91Z MI0D-NOLAY IT TIATT
E9ST AN 0861 08€¢ TI00-NOLAV III THAAT
ag-TV 01¢ ¢
£881 LY82 SAAV + HIVIS YAMO'T
€€LE 796 SNV + HOVLS HAMO'T
- - 0% 81 0LL2 LOHSONI'IS ASHAATY
- - o%ST SLEZ LOHS HNI'IS
Ve=-aV 0Z€ Ve
A% /A 6S1¢ 8947 €122 AWONOINY ITI TAAAT
GLS1 YLET 2191 0EYe XWONOLAV III TAAAT
veE-T 01¢ Ve
810¢ 699% 0€£0€ S89% SAV + HIOD
90%1 8112 X aah 9112 ANOTV TMOD
7=aQv 01% Z
0S0Y SAV + 0D
- L00Z ANO'TV T40D
1-VO11 1
€ =A0'1dAa Z-A01ddd ¢ -X0'1dad Z-A071d3d
aed VR NOLLVMNOTINOD NOILdO

ITIVLI X9VIRA0S

9

PAGE 6,5~



6.5.4

On-Orbit Servicing

The summary of weight and performance for the Service 1 and 2
missions is given below:

Type of MPS APS Welght
Flt Propellant Propellant Payload
(1b) (1b) (1b)
Service 1 '57512.7 990.6 Parts 1,2,3,k4
(Discard Parts) =171.6 each
Service 2 . 57938.0  1019.6 Parts 1,2,3,k4
(Bring Back Parts) = 24 each

Fuel Cell Reactant and Start/Stop Losses were input into the
weight time history runs as follows:

S1 S2
Fuel Cell Reactant 206 YosS
Start/stop Losses Qo qQo

In the runs, the fuel cell reactant plus sta.rt/stop losses
sum was divided by 4 and each of the 4 parts was discretely
dumped at 4 different parts of the mission, 2 on the up leg
and 2 on the down leg.

In the Service 1 mission, four 5000 1b. payloads dispersed
in geosynchronous orbit were serviced. Each part that was
replaced was discarded before moving onto the next payload.
In the Service 2 mission, four 5000 1b payloads dispersed in
geosynchronous orbit were serviced, but in this case each
part that was replaced was retained and brought back to the
Shuttle. The time histories for these 2 service missions
follow.
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6.5.5 Ground/Onboard Autonomy Trade Study

The results of our autonomy trade study is presented in Figure 6.5.5-1
and concludes the following:

0 Autonomy level IV is best suited to Option 1 concept 110A-1

© Autonomy level II is best suited for Options 2 and 3
where Option 3 starts with level III and evolves to level 17T.

The level I systems degraded performance resulting from the slow con-
vergence characteristics of the Horizon Scanner/Star Tracker system
makes this system unattractive. Our performence studies to date on
this level I system have been preliminary in nature and we

recommend that NASA and DOD initiate SR&T studies which combine a
detail navigation analysis with a complete vehicle performance evalua-
tion.

The level II system selected in our baselines requires the use of the
621B NAV SAT. This introduces significant schedule risk and technology
issues. This NAV SAT system has sufficient coverage for spacecraft
below 2000 N.M., introducing as a result the need for dedicated ground
beacons (1l-way doppler) for high altitude TUG operations. It is
recommended that the interferometer approach which utilizes undedicated
RF sources as landmarks be considered as an option.

The level III system is a compramise approach. It introduces high
develomment and operating cost for software for both the ground and
on-board computer systems.

The level IV system is attractive for Option I due to low develoment
costs. The high ground involvement and costs precludes the use of
this approach for the more complex Option 2 and 3 programs.

Figure 6.5.5-2 summarizes the cost sensitivities for the three concepts
evaluated. Figure 6.5.5-3 outlines the weights and performance.
Figures 6.5.5-4 thru 6.5.5-5 lists the weights, DDT&E costs and
production costs of the avionics systems used in the sensitivity
evaluation.
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6.5.6

On-Board/Orbiter/Ground Checkout Tradeoff

The method of performingon. orbit Tug checkout and mal-
function detection and corrective actions is dependent

on time criticality and crew safety considerations. A
time critical function such as monitoring for rough com-
bustion, rapidly rising tank pressure or failure of a

cryo tank to vent will always be monitored and corrective
action taken by the Tug Data Management System. A failure
on board the tug which could jeopardize the safety of the
orbiter crew such as an attitude hold or APS system fail-
ure with the possibility of Tug/Orbiter collision will be
corrected by the Tug Data Management System to the extent
possible with command override capability from the Orbiter
Mission Specialist Station. Non time critical functions
which do not have a Crew Safety impact will be implemented
in accordance with the level of autonomy to which the Tug/
Orbiter is designed. The description of the Ground/On-
Board autonomy tradeoff in para 6.5.5 is a description of
present thinking on the question of checkout allocation.

Upon completion of subsystem definition, a detailed analy-

sis to determine the specific parameters to be monitored,
diagnostic and corrective techniques time and ground cover-
age available and their impact on mission tug and support
hardware will be initiated. The specific method of check-
out selected is strongly hardware dependent and must be
maintained flexible until reasonable design maturity is
achieved and reliability estimates factored into the analysis.
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6.8

6.8.1

Guidance Update Anslysis

This discussion defines the quality of the navigation system
(i.e., IMU and redundant sensors) in terms of cammensurate 4V
penalty using post - MOI payload deployment specs as the lower
requirement,

RESULTS OF SPACE TUG NAVIGATION SYSTEM PERFORMANCE REQUIREMENTS
ANALYSTS FOR THE GEOSYNCHRONOUS PAYI.OAD DEPLOYMENT MISSION

SUMMARY

The results of a simplified analysis of the Tug navigat ion system
requirements based on satisfiying the Tug Data Package payload deploy-

ment accuracy are contained herein. For the purposes of this analysis,

the earliest payload deployment boint was used; immediately after the Mission
Orbit Insertion (MOI), burn at synchronous altitude. Under the assump-

tion that a perfect midcourse correction maneuver is executed somewhere
between the 1/U4 and 3/4 time point of the 18,565 second transfer orbit,

the navigation update prior to this midcourse has a maximum allowable

error in the range of:

o 3 to 5 FPS RSS 1 sigma in velocity
40,000 to 50,000 Ft. RSS 1 sigma in position

The "IMU system',which is defined loosely as that portion of the
astrionics determining attitude aslignment and drift plus closed-loop
velocity sensing accuracies,was given a budget of 13 FPS total velocity
error for the MOI burn. The 13 FPS total velocity error is consistent
with:

o 1 mrad/axis attitude bias error
o ;hxgug/axis accelerometer bias error
It is noted that the éynchronous altitude payload deployment com-
ponents of crossrange position error and downrange velocity error are
the driver elements in determining the navigation update and IMU system

requirements. Any future change in either of these specifications
should be immediately factored into navigation system requirements.

- PAGE 6.8- 1.
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INTRODUCTION

The outbound leg of the geosynchronous Tug mission contains three main
engine burns; one for Phasing Orbit Insertion (POI), one for Transfer Orbit
Insertion (TOI), and one for Mission Orbit Insertion (MOI). Preliminary
sensitivity studies have shown that completely impractical initial condition
error tolerances and unrealistic IMU systems would be required if a midcourse
correction is not postulated between TOI and MOI. Even with perfect position
and velocity information at the start of the TOI burn, state-of-the-art IMU
systems cannot approach the post-MOI payload deployment accuracy requirements
without providing for a midcourse correction preceded by & navigation update.

Insofar as this analysis is concerned the desired post-MOI payload de-
ployment accuracy is used as the driver to determine the navigation update
accuracy requirement between TOI and MOI as well as the IMU system error
budget for the final or MOI burn. It is assumed that a perfect midcourse
correction is executed and therefore the post-MOI payload deployment accuracy
will be related solely to the propagation of navigation update errors from
the point of update in the transfer orbit coast to the completion of the MOI
burn, root-sum-squared (RSS'd), with the position and velocity errors arising
during the MOI burn from IMU system errars.

The requirements for, and the impact of, navigation system performance
in the period prior to TOI will be treated in a separate analysis where Delta-V
penalties are of prime concern., Specifically, the initial condition errors
present at the beginning of the TOI burn plus the closed-loop Delta-~V errors
arising during the burn from various attitude and acceleration measurement
errors will determine the dispersion of the transfer orbit trajectory and
hence the Delta-V penalty associated with the magnitude of any midcourse
correction maneuver.

The transfer orbit trajectory is annotated with time marks measured from
the completion of the TOI burn in Figure 1. In the subsequent data presented,
zero time will be synondmous with the end of the TOI burn and the beginning of
transfer orbit coast. The time reference will be particularly significant in
terms of navigation systems categorized as Level 1 Autonomy (e.g. Star/Horizon/
Landmark systems), which have a characteristically slow error convergence. On
this time reference scale the time of navigation update is identical to the
allotted tracking time for any particular system being considered.

It should be noted that the Post-MOI Payload Deployment Accuracy Table
in Figure 1 uses 1 sigma values and not the 3 sigma values of the Tug Data
Package. All the data herein is RSS, 1 sigma and where "per axis" vdl ues are
used, the total RSS, 1 sigma equivalent values are obtained by multiplying by

3.
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IMU SYSTEM ERROR BUDGET

The maximum attitude and acceleration errors that can be tolerated in
the MOI burn are limited predominantly by the final downrange velocity error
requirement of 6.7 FPS., Constant loci of total and downrange velocity errors
as a function of per axis attitude and acceleration errors are plotted in
Figure 2. A downrange velocity error budget of 5 FPS was chosen with 1.0 mrad/
axis and 200 ug/axis attitude and acceleration error limits. Considering the
410 second MOI burn duration and the less than 1/2g thrust level for the single
stage Tug, this initial error budget point should be compatible with any IMU
system selected for the Shuttle and therefore, usable in the Tug program by
virtue of commonality requirements. The effect of this IMU system error bud-
get point selection is to implicitly define the allowable navigation system
velocity update error contribution. The complete velocity error budgets for
the IMU and navigation update systems are summarized in Table 1.

TABLE 1 - VELOCITY ERROR BUDGET

VELOCITY ERROR BUDGET (FPS) |
DOWN | CROSS | SUB-TOTALS
ERROR SOURCE RADIAL | RANGE | RANGE (RSS)

IMU: Attitude & Accelerometer M
Errrors During MOI Burn *9.1 5.0 | *8.k4 #13.3

Propagation of Navigation
Position and Velocity Up-
date Errors From Any Point 21.5 4,5 k.4 26.2
In Transfer Orbit to Com-
pletion of MOI Burn

TOTAL(RSS)

Same as
23.3 6.7 16.7 29.h4 Data Pkg.

Regmt's.

* Corresponding to Initial Error Budget Point of Figure 2.

No attempt was made to represent the specifics of either a gimballed plat-
form or strapdown IMU and dynamic effects were not explicitly modelled. The per
axis attitude error was modelled as a pure bias which can only be intexrpreted as
a rough approximation to the combined effects of alignment error plus some'average"
integration of random, time correlated, bias, and g-sensitive drift rates. Similar
comments apply to the modelling of the per axis acceleration error. The complete
set of sensitivity coeffictents for final position and velocity errors as a func-
tion of IMU system errors is given in Table 2.

PAGE 6.8- 1
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NAVIGATION UPDATE SYSTEM PERFORMANCE REQUIREMENTS

Navigation update position and velocity errors were propagated from
various points in the transfer orbit coast to the end of MOI. The sensi-
tivity of final position and velocity errors to navigation update errors
at five time points is given in Tables 3 and L.

Upon examination of these sensitivity coefficients in conjunction with
the payload deployment accuracy requirements referenced in Figure 1 it is
clear that final crossrange position error and final downrange velocity error
are the drivers. Using the data in Tables 3 and 4, these two sensitivities
are plotted in Figure 3 along with an arithmetic example of their use.

As time increases (say from 5,000 seconds on), velocity update errors
have a decreasing impact on final crossrange position error and an increasing
effect on final downrange velocity error. Conversely, position update errors
have an increasing effect on final crossrange position error and a decreasing
effect on final downrange velocity error. At the latest theoretical update
point just prior to MOI (i.e., at 18565 seconds), final crossrange position
error is virtually dependent on position update error only and final down-
range velocity error is dependent on the combined effect of velocity update
error and IMU system velocity error contribution during the MOI burn.

In the range of the most likely navigation update occurrence (say 1/b
to 3/4 of coast time), where & midcourse correction of reasonable Delta-V
penalty can be realized, the joint effect of navigation update position and
velocity errors must be considered. Hence, no unique curve can be drawn which
defines an absolute boundary for simultaneous position and velocity navigation
update errors in this middle region. A "working" approximation to joint upper
boundaries or limits for navigation position and velocity update errors can
be developed by working backwards from the latest time point, just prior to
MOI, where the effect of position and velocity update errors are uncoupled.
This procedure was used to develop the typical, but non-unique, set of joint
upper boundaries shown in Figure 4.

In addition to the final pdint, the joint boundaries at 0 and 4637 seconds
were determined as described below and & relatively smooth curve was faired be-
tween these three data points.

o At time = 0; Velocity and position error allotments of 1.48 FPS RSS
and 1688 FT RSS, yielding the combined allowable limit
on final crossrange position error (the individual con-
tributions of velocity and position error were approxi-
mately equal).

PAGE 6.8- 7
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o At time = 4637 seconds; Velocity and position error allotments of 3.3
FPS RSS and 41138 FT RSS, yielding simultan-
eous final allowable limits on radial position
(23.3 NM), crossrange position (6.7 NM), and

downrange velocity, (*4.5 FPS).

o At time

18565 seconds; Velocity error allotment of 5.5 FPS R3S, yielding
limit on downrange velocity (*4.5 FPS) and posi-
tion error allotment of 49805 FT RSS yielding
limit on crossrange position error, (6.7 NM).

The independent upper boundaries (i.e., those obtained by considering
position error maximums in the presence of perfect velocity data and vice
versa) are also plotted in Figure U4 to provide a graphic indication of those
regions where velocity and position error allotments may be traded off against
each other in significant amounts while still satisfying final payload deploy-
ment accuracies. It is noted that to within 2 or 3 significant figures there
is no difference between the independent and joint upper boundaries at the last
point due to the uncoupling of position and velocity update errors mentioned
previously. ‘

In general, if the performance specifications of a particular navigation
update system (corresponding to the appropriate tracking time), fall within
the error envelopes of Figure 4, the system may be classed as unsuitable. If,
on the other hand, both position and velocity errors are well below the Jjoint
upper boundaries at the time point in question, the system may be classed as
suitable. Tor marginal cases, or where one parameter (i.e., position or velo-
city) is within the envelope, and the other is below, Figure 3 and/or Tables
3 and 4 (interpolating where necessary) should be used to make the final
decision. '

If it is necessary to discard or modify the IMU system error budget
selected for this analysis, Table 2 can be used to generate a new velocity
error budget similar to Teble 1. The effect of a new velocity error budget
for the navigation update system will manifest itself in the second half of
the velocity update error envelope of Figure L.

* 4,5 FPS in accordance with Table 1 to yield a total of 6.7 FPS
when RSS'd with IMU velocity error budget of 5.0 FPS.
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EFERENCE :

INTER~-OFFICE MEMORANDUM

FINAL RESULTS OF SPACE TUG NAVIGATION SYSTEM PERFORMANCE REQUIREMENTS
ANALYSTS INCLUDING DELTA-V PENALTIES AND AUTONOMY LEVEL COMPATIBILITY
FOR THE GEOSYNCHRONOUS PAYLOAD DEPLOYMENT MISSION - SINGLE STAGE.

B81MOLG-T73026, "Results of Space TUG Navigation System Performance
Requirements Analysis For The Geosynchronous Peayload Deployment
Mission", June 12, 1973. ‘

- RESULTS SUMMARY

Space TUG navigation system performance requirements are driven by the
payload deployment accuracy requirements shown in Figure 1 as well as
the practical necessity of minimizing the delta-V penalty budget to

some level less than 50 fps )

Corbining the results of the memo referenced above with those of the
analysis discussed herein, yields the following conclusions with respect
to the navigation system performance requirements of the single-stage
space TUG in the geosynchronous payload deployment mission.

o Steady-state navigation performance in phasing orbit:
< 5000 ft RSS and < 2 fps RSS.

o Dynamic navigation performance in transfer orbit: error
convergence to < 20000 ft RSS and < 3.5 fps in no more than
100 minutes of tracking time after start of transfer orbit
coast.

o IMU performance in transfer orbit insertion (TOI), and mission
orbit insertion (MOI), burns: < 1 mrad/axis attitude error and
< 200 pg/axis accelerometer error.

These performance numbers are not strictly unique since some

trading off against each other (e.g., steady-state degradation

vs dynamic improvement, etc....), can be made. Such tradeoffs

will not affect any appreciable change however, and more significantly
they will not change the next conclusion regarding autonomy level
compatbibility.

TPAGE G.o= 13
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GRUMMAN AEROSPACE CORPORATION

If delta-V penalties are to be kept within acceptable bounds

(i.e., less than 50 fps), autonomy level 1 navigation systems, as
typified by star tracker/horizon scanner sensor complements, must be
rejected as viable space TUG candidates. Using dynamic results in

low earth orbit and synchronous orbit (i.e., the only readily available
data for star/horizon sensor systems), it is "optimistically estimated"
that such systems typifying autonomy level 1 would not converge until
somewhere between the 50% and 75% point of the transfer orbit thereby
imposing an intolerable delta-V penalty of 100 fps to 300 fps

ANALYSIS FRAMEWORK

Figure 2 provides a simplified flow diagram of the analysis framework
used in developing the space TUG navigation system performance
requirements quoted above and dovetails the work of the reference with
the additional analysis covered herein. The reference determined

what the maximum navigation update error envelopes had to be in order to
satisfy the payload deployment accuracy requirements including the effect
of IMU errors in the final or MOI burn. A second set of maximum naviga-
tion update error envelopes were generated herein based on a fraction

of the actual trajectory dispersion obtained as a result of initial
condition errors at the start of the TOI burn plus the contribution

of IMU errors during the TOI burn. The fraction used was 20% which is
equivalent to requiring that the navigation update error be no more than
207, of the actual trajectory dispersion before a midcourse correction
can be considered feasible. The composite or combined raximum allowabie
navigation update error required at any time point in the transfer orbit
is then defined as the lesser of these two envelopes.

The delta-V penalties associated with the transfer orbit trajectory
dispersion are divided into two categories. The impulsive delta-V
penalty necessary to put the Space TUG on a transfer conic which will
intercept a target vector defined as the start point of the MOI burn
for a nominal trajectory is denoted AVme . The impulsive delta-V
penalty due to not being on the nominal transfer conic when MOI is
reached is denoted AVmozr , and in effect is an MOI dispersion
penalty allotted to the finite MOI burn. At any point in the transfer
orbit where a midcourse correction is postulated the total delta-Vv
penmalty AV, , is computed as the sumof AVpye and AVmor .

The transfer orbit trajectory dispersion is determined by the steady-
state navigation performance in the phasing orbit, or in other words,
the initial condition errors present at the start of the TOI burn plus
the effect of IMU errors. On the other hand, the dynamic performance
of the navigation system determines the earliest point at which a
midcourse correction can be made by determining when the system's error
drops below the composite maximum allowable navigation update error
boundary described previously. '
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GRUMMAN AEROSPACE CORPORATION

DISCUSSION OF RESULTS

Within the analysis framework described, & number of iterations

using various steady-state initial conditions were made, and

5000 ft RSS, 2 fps RSS, and the IMU quality of the reference

(i.e., 200 pgfaxis and 1 mrad/axis) were chosen as a baseline
requirement for the Space Tug navigation system. The corresponding
delta-V penalties together with the composite maximum allowable
navigation position and velocity update errors are shown in
equivalent time frames in Figure 3. For the set of initial conditions
specified (i.e., the baseline requirement), the contributions of
position error, velocity error and IMU errors are approximately equal
in terms of subsequent trajectory dispersion and reduction of any one
of them to zero would only reduce the total effect less than 25% in
any "RSS sense". This was part of the rationale for specifying this
set as the steady-state navigation performance and the rest of the
rationale is based on the fact that 5000 ft and 2 fps error limits
would not be incompatible with or preclude any specific autonomy
level at the outset, although they could be borderline for level 1.

As described previously, and as shown in Figure 3, the maximum
navigation position and velocity update error limits are given as the
lesser of the limits required to satisfy payload deployment accuracy
or 20% of the actual trajectory dispersion. In terms of allowable
velocity error, the limit based on satisfying payload deployument
accuracy is clearly the controlling maximum while the 20% limit is the
dominant boundary for the position error.

If the total delta-V penalty AVsy ,1s to be less than 50 fps, Figure 3
shows that the dynamic performance of the navigation system must be
compatible with achieving a position error of < 20000 ft RSS and a
velocity error of < 3.5 fps RSS within 6000 secs (i.e., 100 minutes)
from the start of transfer orbit coast.

As stated in the Results Summary, it is concluded from presently
available analysis results that autonomy level 1 navigation systems as
typified by star/horizon systems cannot meet this 100 minutes performance
level in highly eccentric orbits such as the transfer orbit of the Space
TUG geosynchronous mission profile.

Preliminary estimates of the delta-V penalty regions as & function of
navigation system autonomy level are given in Figure 4. The 5000 ft
curve in Figure 4 is the same as the AVy curve in Figure 3 and the
10000 ft and 20000 ft delta-V curves have been added to illustrate the
delta-V sensitivity to initial position error.
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In conclusion, the reader is advised that Attachment A to this memo
documents all the numerical sensitivity coefficients and computational
procedures used to generate the data presented herein and muy be
alternately used to generate new delta-V curves and trajectory
dispersions for any other set of initial conditions or IMU quality
that may be desired.
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ATTACHMENT A

Attachment A provides the documentation of the fundamental sensitivity
coefficients (i.e., partial derivatives), used to generate the tra-
jectory dispersion and delta-V penalty curves presented in Space TUG
memorandum #B8IMOL9~73042, entitled "Final Results of Space TUG
Navigation System Performance Requirements Analysis Including Delta-V
Penslties and Autonomy Level Compatibility For The Geosynchronous
Payload Deployment Mission", dated July 13, 1973. Using the data in
this attachment the user may compute transfer orbit trajectory dis-
persion curves as a function of initial position and velocity errors
as well as IMU accelerometer and attitude errors that are different
from those used in the above referenced memo. The new trajectory
dispersion data can then be used to develop correspondingly different
delta~-V penalty curves, :

Figure 1A illustrates the complete computational procedure to be used
when developing new data. The precise values which define the 10
sensitivity coefficient time histories roughly depicted in Figure 1A
are given in Tables 1 thru 5. Each table cross indexes the type ol
data in that table with the same computational nomenclature shown in
Figure JA. As a self-check in using the material in this attachment
the user can recompute the data for one or more of the time points
tabulated in Figure 3 of the referenced memo, with the set of initial
conditions specified.

From a technical point of view, the only computation in Figure 1A that
may not be immediately obvious is the multiplication of the total
trajectory velocity dispersion AV , by /2 to obtain the midcourse
delta~-V penalty AVmeaw . The rationale for this procedure

stems from the fact that the delta-V penalties were obtained by solving
the lambert's problem for velocity and position perturbations from the
nominal transfer orbit on the basis of taking one error component per

. axis, one at a time, and then RSS'ing the results. The effect of this
procedure is that when a velocity perturbation (say 100 fps in the

X, Y, or Z direction) is used, the resultant impulsive delta-V correction
obtained from Lambert's solution is the same amount (i.e., 100 fps).
This occurs since no position perturbation from the nominal is being
simulated at the same time as a velocity perturbation and therefore
Lambert's solution yields the same amount of impulsive delta-V as the
original perturbation because the wvehicle is in effect, on the proper
or nominal transfer conic and only its wvelocity need be corrected.

If a constant magnitude per axis velocity perturbation is denoted as AV,
for i =x, y, or z, then the total RSS velocity perturbation Av ,

is given by AV = AY 3 . In addition, the RSS total impulsive
delta-V penalty would be AV /6" after RSS'ing the six

results (i.e. + and - for each of three axes).

PAGE 6.8~ 21 .
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In the first order relationship,

meav_ | AV

Vv (2%
A meav ; Av
it is recognized that,

Avmcav = A‘Q'/Z“

Av = MV /3
and therefore, é}:m = -‘/ 2 as
| 04v

used in Figure 1lA.

PAGE 5,8~ 22



NYWWNNKES '
- e popndw oy A b
. UQ °2 Vo A@Ns‘x v . " N2 ~WRS~200/ = @
s CTTTTT pee (W04 oy (T T T T T T TS e :
| Vof T2 durd 30938 w

Y 40
m~oow\ us | S/xo vad S/XD ysd $>Q o~

| 3
|
_ vonz poss] N\

B D T

; o5y ‘5 Ry povad g . B0 Mctm w\be,\e\ -~ ———
. DWoOIsS § Sy F Vi N0 v i ﬂ Y40 -
worssadsp ‘(Tow) wing Jous _ . g ! 24 150007 kg Fideop €3
A ..Nw Nov<> v “ _ _”_
. A : | <
2= . m . =
- 20 , SiXD “tn
R uliie ¥ | 0E
) .SVNM\*\“ s .M. (ol T T sdrgeson) 0T 510
! o ‘(ss2) 1o
! .\\«.\n ve/ae 34 4 QV\.(
I s, 00000/ & N4
J—t Yv 300100) Mq (Y
i
" - ‘ s ’ \b. Qwip = )\nq
JFN00r »\Q\ >ag of Wo\em“ww.%wu“ it .\N\.\u sof
Y e (R \E Y heogoalouy K199/oA 10410y £ v sous0
, 2wy bydig oy K m..Awmw\ /%492 b9 @\.\\\g\ M..Wo\hw\. \wa\.\.
w M
M D | ot o v 44 40 5,000/
i . . Yorw .IQQ.Q.\:M\ w\a\.\.\t.\ vouy 155 QM\MM.JQ.\ llv\\
w : ' ) \v.% Y94 hg &.\ Q\\.G\ 434
- : ( . ) > @A ; _ 2L b
_ H A : m . AVIUY & Gy
o vwbis y'ssy "sdy vy .nx\ecm\ . hq.h\o\.{\\i

AV (39903401 ) 950n00psyy  (3)%4 v

\_ S2/4/00% A-413d ¥01543dS1q hiogoa[bi] bUTUINIIFEG G Banpasody [oUoTY ATy YF-97867F L




GRUMMAN AEROSPACE CORPORATION

DELTA-V_PENALTY SENSITIVITIES TO

TRANSFER ORBIT POSITION DISPERSION, AA

TIME MEASURED FROM
OF TRANSFER ORBIT

START

MIDCOURSE DELTA-V PENALTY

SENSITIVITY TO TRANSFER
ORBIT POSITION DISPER-
SION, AN

a Vmc/ on

MISSION ORBIT INSERTION
(MOI), BURN DELTA-V
PENALTY SENSITIVITY TO
TRANSFER ORBIT POSITION
DISPERSION, AL

avmor. / on

(sec.) (£ps/100K ft.) (fps/100K ft.)
0. 358.25 £o 17
2318. 28.59 12.67
L637. 15.13 11.80
9275. 15.90 15.54
13916. 30.49 30.48
15500. L6, 22 46.63
i;"’,‘;‘/{;;’;’;’f A AVpcar= %\%ﬁ)[‘ﬂ AVHOI (a ‘Mﬂ) Arn ,
nomenclature
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TRANSFER ORBIT DISPERSION SENSITIVITY

TO INITIAL (PRE-TOI), NAVIGATED POSITION ERROR..AR

TIME MEASURED FROM START

VELOCITY DISPERSION

POSITION DISPERSION

OF TRANSFER ORBIT SENSITIVITY SENSITIVITY
Jv/dR on/OR
(zec.) (fps/100D ft.) (ft./ft.)
0. 1.129 1442
2318. 2.691 5.442
" 4637, 2,920 10.959
9275. 3.513 23.6h1
13916, 4,426 39.550
15500. 4,698 44,131
18%60. 5.681 57.665
o Errare 14 av =(2X )ak Arg, = g—g—)d@

nomenc lature
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TABLE 3

TRANSFER_ORBIT DISPERSION SENSITIVITY
TO INITIAL (PRE-TOI), NAVIGATED VELOCITY ERROR, AY

' TIME MEASURED FROM START

VELOCITY DISPERSION

POSITION DISPERSION

OF TRANSFER ORBIT SENSITIVITY SENSITIVITY
| Bv/ oV on/ov

(sec.) (fps/fps) (1000, ft./fps)
0. 1,443 0.62k4
2318. - 2.662 5.149
L637. 3.187 11.359
9275. 4,509 29.238
13916. 5.110 L5.365
15500. 5.652 5k, 342
18560. 6.588 67.320

noment latvre
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GRUMMAN AEROSPACE CORPORATION

e o e e o G P TR P S S U G W W S R T G T G S G e BB B T et B e B G GNP W S R e 5 SN M T e 08 0

TRANSFER ORBIT DISPERSION SENSITIVITY
TO ACCELERATION MEASUREMENT ERROR A&, IN THE TOI BURN

TIME MEASURED FROM START

VELOCITY DISPERSION

POSITION DISPERSION

OF TRANSFER ORBIT SENSITIVITY SENSITIVITY
3v/da. onr/oe.
(sec) (£ps/100 ug) (2000 ft./100 pg)
0. 3.320 0.712
2318. 5.470 10.231
4637. 6.880 23.599
9275. 8.640 5h.822
13916, 11.715 101.510
15500; 13.955 135.310
18560. 15.230 153.197
Compotation, AV = ( g‘z’)da ar, = [ )80
rnoménclature
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GRUMMAN AEROSPACR CNRPORATION

TRANSFER ORBIT DISPERSION SENSITIVITY

TO ATTITUDE ERROR AQ , IN THE TOT BURN

TIME MEASURED FROM START

VELOCITY DISPERSION

POSITION DISPERSION

OF TRANSFER ORBIT SENSITIVITY SENSITIVITY
' ov/d¢ /¢

(sec) (fps/mrad) (1000 ft./mrad)
0. 7.877 1.583
2318, 6.566 18.127
4637, 5.011 29.153
9275. L4.207 45,660
13916. k4,585 57.725
15500. 5,147 61.465
18560. 5.831 72.105

Rty av, = ($5)ad ang =($5)4

nemerclature ’
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RENDEZVOUS AND DOCKING ANALYSIS

Rendezvous and docking analyses performed are described
in the following sections, 6.10.1 through 6.10.5, the
subjects of these analyses being the following:

6.10.1 Rendezvous with Payload, AV and Approach
Angle,

6.10.2 Rendezvous with Payload, Effects of Off-
Nominal TPI,

6.10.3 Docking to Spacecraft with small residual
angular rates,

©.10.4 Rendezvouc,Station Keeping, and Docking to Non-
rotating Spacecraft,

6.10.5 Study plan to demonstrate feasibility of

Automatic Rendezvous , Automatic Direct
Docking, and TV Remote Rendezvous and Docking.

JENE G 10 1




6.10.1

RENDEZVOUS WITH PAYLOAD, AV AND APPROACH ANGLE

Summary:

Variations in AV and approach angle for a tug rendezvous with
a payload in goesynchronous orbit were determined as a function of tug

initial position relative to the P/L and of tug translational accelera-

tion level,

o s ~—_—
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EFFECTS OF VARIATIONS IN TUG INITIAL POSITION

The Lambert Routine was used to generate data for the terminal phase following
circularization. At the time of TPI, the P/L has the following state:

Altitude = 19323 n.mi.
X = 119801200, f
Y = 69167262.
Z = 0.
X = 5043.7h £/s
Y = —8736.0134
Z = 0.

The tug, at the time of TPI, is located at a point within * 10 n. mi. from
each of the following:
Behind P/L: 10 n.mi.
Below P/L : 40 n.mi.

The terminal phase, TPI and TPF, is restricted to be campleted in a central
angle of 30°, corresponding to a time of flight of 119.67 min.

The results, in terms of AV and approach angle vs. tug initial position, are
given in Figs. 1 and 2.

Note in Fig. 1 that the total AV is smaller for the tug behind 20 than
for the tug behind 0. This phenomenon appears to be the result of restricting
the central angle to 30°.

From Fig. 2 it is seen that the approach angle varies between -58 and -96

degrees for initial positions of the tug within + 10 from 10 n.mi. behind and within
+ 10 from 40 n.mi. below.

EFFECTS OF VARTATIONS IN TUG THRUST LEVELS

The rendezvous routine was used to generate data for the TPF. The initial
state of the P/L is the same as that given in the previous section. The initial
position of the tug is 10 n.mi. behind and 40 n.mi. below the P/L, and the initial
relative velocity of the tug is that generated by the TPI. The tug initial state is
then:

X = 119560340.
Y = 69098361.

z = 0.

X = 5082.7153 £/s
Y =  -8723.7612

Z = 0.

Mass = 495 slugs

po T Ao
RASEN 'J.]..:
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The TPF consists of L gates, i.e., selected ranges at which tolerances on
range rate and LOS rate must be met. If, at a range gate, the tolerances are met,
no action is taken; but if the tolerances are not met, the APS jets are turned on
in a manner so that the tolerances become satisfied. The following range gates
were used:

Tolerances
Range, f Range Rate,f/s L0S Rate, d/s
Min Mex  Min Max
12160. ' 18. 22. -0.1 +0.1
6080. - 1.7 14.3
1000. 6.3 T-T7
300. 1.8 2.2

The Igp assumed for the APS jets was 230. The initial mass of the tug was set
at 495 slugs. At the end of TPF (at 300 ft range), the mass is 493 slugs. Thus
the mass is approximately constant during the maneuver. The APS thrust levels used
to control range rate and LOS rate were set at 200,100,50 and 25 1bs. For a tug
mass = U495 slugs, these thrust levels correspond to the following tug accelerations:

Thrust, Lb Acceleration, f/ &
200. 0.L04
100. 0.202
50. 0.101
25. 0.0505

The TFF AV requirement as a function of APS total thrust is given in
Fig. 3 and as a function of tug acceleration is given in Fig. 4. It is seen
that the minimum AV requirement , 28 f/s, is obtained at a tug longitudinal
acceleration of approximately 0.1 f/ s2 and that the AV requirement is increasing
ropidly at smaller tug acceleration levels. At a longitudinal acceleration
of 0.1 f‘/ s2, a variation of lateral acceleration produces no change in AV.
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INTER-OFFICE MEMORANDUM

6.10.2
RENDEZVOUS WITH PAYLOAD, EFFECTS OF OFF-NOMINAIL TPI

(1) R. Tellalian,"Guidance Navigation, and Control Subsystem Analysis:
Space Tug Rendezvous/Docking Sensor Selection", B82MOU9-73013,
dated 1 May 1973.

(2) G. Zetkov, "Tug Rendezvous with Payload, Delta-V and Approach Angle",
B81MOL9-73018, dated 10 May 1973.

SUMMARY :

Effects of off-nominal conditions just after TPI on rendezvous Delta-Vv
and time duration were computed for a nominal TPI position of 10 n. mi. be-
hind and 40 n., mi. below the target and nominal TPI relative velocity of
40.8 £/s. The following variations were made:

(1) Tug position error of #5, #10 n. mi. from nominal, both
rarallel to the Target Local Vertical and to the direc-
tion of target motion and,

(2) Tug velocity error of #6 f/s in each of the two direc-
tions perpendicular to the relative nominal velocity and
in the plane of target motion.

For position errors the maximum increase in Delta-V after TPI up to
but not including docking was 33 f/s from a nominal of 30 f/s and the
maximum increase in time duration was 0.91 hour from a nominal of 2,13
hours. All position error runs were made at 0,2 f/s2 acceleration level
for both LOS rate and range rate control. For velocity errors, the in-
crease in Delta-V was 24 f/s from the nominal of 30 f/s, and the increase
in time duration was 0.07 hr. from the nominal of 2.13 hours. These re-~
sults were obtained for 0.2 f/52 acceleration both along and perpendicular
to the LOS to the target. Below O&L'l.f/sa acceleration, rendezvous was not
sucgessful, so that on the basis of the runs made, a minimum level of 0.11
f/s“ is recommended for both LOS rate and range rate control.



Tug Rendz. with P.L. - Off Nominal TP¥

TNTRODUCTION:

This study is a continuation of the work reported in Reference 2, which
basically describes nominal performance. The work reported here is concerned
with off-nominal performances~ Of major interest are thrust levels ~ both
along the LOS and perpendicular to it - and Delta-V expenditure. Minimum
acceleration levels are sought that will result in acceptable performance
in terms of target approach, Delta-V expenditure,and time duration.

RANGE GATES:

The range gates were formulated to handle off-nominal trajectories from
TPI. The bounds on LOS rate were established by requiring that the velocity
transverse to the LOS, as permitted by the tolerance on the LOS rate, would
be constrained so that the resulting transverse position deviation from nominal
at the next range gate is a fraction of the range at that point. Thus the
following formulas were used:

V o
Tl = Rl Ll
SET
e =V t = 0.2 R
P> T e
t = Rl 'Rz
V1
Where,
VTl 2 velocity transverse to LOS at Gate l’deviation
from nominal,
Ri é range at Gate i
(-]
Ll é 10S rate at Gate 1, tolerance in deviation
from nominal
e é transverse position error from nominal at Gate 2
Py due to error in LOS rate at Gate 1
A

time to travel from Gate 1 to Gate 2
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Vl = +velocity along LOS at Gate 1

Combining the above formulas:

° ”n

Ll = + O.2'R2 Vl
Ry(Ry = B)

The 10S rate tolerances used in the runs differ from the formula of Eq. 1
in that the nominal value was not added and, at the shorter ranges, the LOS
rate tolerance was not opened up beyond * 1,745 x 1073 r/s.

+ Nominal (1)

The tolerance as given in Eq. 1 was compared with sensor capabilities. ,
The ITT Scanning Laser Radar error in sensing LOS rate was quoted at 0.05 yar{(68),
Presently, as stated in Reference 1, it is quoted at 0.1% of LOS rate for 37
bias and 1% of LOS rate for 3 ¢ random error. The LOS rate tolerances used
in the runs are compatible, generally, with the quoted sensor capabilities.

The tolerances on closing velocity were established in the following
manner. The nominal closing velocity at the range of the first gate (34 f/s)
was used as the nominal closing velocity. A 10% tolerance was permitted
around this nominal velocity and about the nominal velocity for each subse-
quent gate. The nominal velocity at the final gate at R = 3Q0' was selected
as 2 f/s. The nominal velocity at the intermediate gates were set between
the first and last gate nominal velocity levels such that the size of the
velocity decrease in proceeding from the first to the last gates progressively
decreases. Thus the nominal velocities were established as follows:

s ot e+ T S st

GATE RANGE, f NOMINAL CLOSING NOMINAL VELOCITY DECREASE
VELOCITY, f/s FROM IAST GATE, f/s
1 121,000 34
2 30,400 22 1°
3 6,080 13 9
L 1,000 7 6
5 300 2 5

The ranges for the gates were established from the following considerations.
The range for the first gate was set at approximately 0.5 of the range at nominal
TPI, so that the errors of TPI would be corrected before proceeding too far, with
the resulting trajectory not deviating too far from the nominal trajectory. Each
subsequent gate range is made a small fraction of the preceeding gate range.
Thus the ranges were established as follows:




r
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Off Nominal TPI,

GATE RANGE, f FRACTION OF PRECEEDING
RANGE
1 121,600
2 30,400 0.25
3 6,080 0.20
4 1,000 0.167
5 300 0.30

A small fraction must be used; otherwise the number of gates is too
‘large.

Based on the above considerations, the following gates were used in
the runs made:

: RANGE RATE, f/s
GATE NO. RANGE, f LOS RATE, r/s MIN MAX
1 121,600 +1.75 x 1077 30.6 37.4
2 30,400 +7. x107° 19.8 ol,2
3 6,080 + 1.75 x 107 11.7. 1k.3
b 1,000 £ 1,745 x 2073 6.3 7.7
5 300 £ 1,745 x 1073 1.8 2.2

EFFECTS OF INITTIAL POSITION ERRORS

The effects on Delta-V of initial position errors relative to the nominal
position of 10 n.mi. behind and 40 n. mi. below the P.L. were computed. The
position errors were +5 and #10 n, mi., with the velocity Jjust after TPI always
set at the nominal value. The nominal Tug initial state is:

119560340, i
= 69098361.

= O'

- 5082.7153  f/s
= -8723.7612

= O.

MASS = 495 Siugs

X

1

N < X N
il
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Thus, in effect, the system computes its position as being 10 n. mi.
behind and 40 n. mi. below the P.L. and a TPI velocity is generated based
on this computation of position, so that when the actual position is not
at the nominal position, the TPI velocity generated is not correct for
closure to the target. The fgp was set at 230 sec. and the thrust levels
for LOS rate and range rate controls were each 100 1lb. for all the runs
to determine the effects of initial position errors.

The results are shown in Figures 1, 2, and 3. From these Figures,
the maximum increase in Delta-V for LOS rate control is 39 f/s. The Delta-
V for range rate control actually decreases! The maximum increase in total
Delta-V for LOS rate and range rate control is 33 f/s.

The time duration for the maneuver varied from 3.04 hr. (Tug initial
position behind 20, below 50 n. mi.) to 1.57 hr. (Tug initial position
behind O, below 30 n. mi.). These two initial positions correspond to the
farthest and shortest initial ranges to the target respectively. The nominal

be

time (from 40 behind, 10 below) is 2.13 hr.

EFFECTS OF INITTAL VELOCITY ERROR

The effects on Delta-V of TPI velocity error relative to the nominal
TPI velocity were obtained for a nominal position of 10 n.mi. behind, L4O
n. mi. below the target. The velocity error was set at 6 f/s in magnitude
and pointed perpendicular in -the orbit plane to the nominal velocity relative
to the target. The nominal velocity relative to the target is 40.8 f/s Just
after TPI, as shown in the Figure below.

Motion of Target ' ,Target 10 n. mi.
= '

Relative
Velocity
Error

‘6 f/s

e ant

<§:——————-ho.8 f/s\*\

Nominal
Relative 4o
Velocity

2ran rL = 15




Tug Rendz. with P.L, - Off Nominal TPI

Each of the 2 error velocity vectors was added to the nominal at
separate times. Thus, the initial Tug velocity was set as follows:

VELOCITY (f/s) FOR
VELOCITY ERROR VELOCITY ERROR NOMINAL
DOWN UP VELOCITY

(¢}
X = 5084.5 5080.9 5082.7153
o .
Y = -8729.5 -8718.1 -8723.7612
Initial Mass = U495 Slugs ISP = 230 sec.
The results are shown in Figure b, With thrust levels = 50 or 25 1b.

for both LOS rate and range rate contols, rendezvous was not successful, be-
cause the Tug went past the P/L. In addition the Delta-V for these cases
begins to climb rapidly. For thrust levels = 70 1b. or more for both
LOS rate and range rate controls, Delta-V is not significantly changed with
variation in thrust level. Improvement in performance could be gained by
implementing simultaneous LOS rate and range rate control in the Rendezvous
| Digital Computer Program, instead of the sequential controls presently im-
! plemented. On the basis of the presemt results, & 55 1lb, thrust level
is taken as the minimum for both LOS rate and range rate controls. This
level corresponds to O..'L‘lf/s2 acceleration.

The times were 2.18 hr. (vel. error down) and 2.20 hr. (vel. error up),
compared to the nominal time of 2.13 hr,




m POLASeD snL IVELING SA TeYLNOD AAVY SoT Yod AV |

SiA
TN MO734d
- ©
-1 gl
— 02
— 0%
- 04

S01 Y03 AV
TL10=1h

TIoAANeD 3LV

'335/1.;\

-~

pAAT




WOILIR a4 DAL TNy SA L MeeArsd  3avy 3ASNyy i AV

-

t W

N

oh

Moag

<<

i

—, 02

IANY

JONYH 803

—edMINQD  31vYd

D3s/ L4

1r

f,1%=
.o

).’I‘\ N



NOtLIsCd o9nL  AVILINY

W N Molag

‘SN TWlol AV g D4

avioL AV

LELY/%




OWLNOD JLvY JONYY 3 3L¥Y SO wod LSO¥HL CSp AV h 9

a1 T0¥INO) ¥ 3 son  ismumy

=4

00| oS |2

1 g T

Q ——— — — e - — o — — —

Todlbod ¥ ¥od AV —
. _ ~
e _W ~
TOULNOT SO Yoz AV JY//
. //v
O
Wiol AV D

/4 1sV4 in3m
9nL *IN3%3INS
JoN  SNOAZIANTIY

AV

23s /14




iUMMAN -
—vo— INTER-OFFICE MEMORANDUM

N

-.10.3

BJECT: DOCKING TO SPACECRAFT WITH SMALL RESIDUAL ANGUILAR RATES

JENCES: (1) J. Boudreau, "Apollo Applications Program IM-A/ATM Docking
" Feasibility Study Summary Report", ARP 250-007 dated 12/20/67.
(2) R. Phagan "Presimulation Report, IM/ATM Docking Feasibility",
ARP 250-006, dated 6 December 1967.

SUMMARY :

To determine the significant parameters involved, the conditions
required, and the penalties associated with the successful docking of
an ST (Space Tug) to a rotating PL (Payload), Grumman work on docking
to rotating spacecraft was reviewed., One study was examined in de-
tail; this was an investigation of the manual docking of a LM/ATM
(Lunar Module/Apollo Telescope Mount) to an OA (Orbital Assembly, now
called Skylab). The results of this study were extrapolated to the
case of docking a Space Tug to a rotating PL. Estimates were made of

the following:

Maximum PL angular rate and ST time duration and propellant
consumption. These estimates were made for manual, remote
manual, automatic,and remote automatic types of control, as
shown in Table 1 (last page).

NOTE: The docking mechanism requirement that was used for the ST
relative angular velocity about the PL docking axis was 1 d/s (as
specified in the Data Package). It is probable that this particular
requirement could be significantly increased by the use of a docking
mechanism designed to absorb a high rotation rate of the ST about the
PL docking axis when the docking axes of the PL and ST are aligned;
but the use of such a special docking mechanism was not assumed in
this study.

INTRODUCTION :

Grumman work on docking to a spacecraft with small residual spin
rates was reviewed. References 1 and 2 are reports of such work, which
was done for the Apollo Applications Program in 1967. The FMES (Full
Mission Engineering Simulator) was used; the FMES consisted of a
visual display having the following:

(1) TV image of an OA mockup with a docking target (shown
in Figure 1),

(2) superimposed on the TV image is the COAS (Crewman
Optical Alignment Sight) reticle (shown in Figure
1) located in the IM-A (modified IM Ascent Stage).

‘\fi\ A N o . ] :__ 1 T .




A qualified pilot operated separate translation and rotation controls
and the outputs of these controls were transmitted to computers which
simulated jet select logic, the application of jet thrust, and IM-A
motion relative to the OA., 1In turn, a TV camera was translated and
oriented relative to the OA mockup to furnish a TV image of the OA to
the pilot.

The OA was in a 257 n. mi. circular orbit. The initial range for
each run was nominally 85'., The maximum rate command was 4 d/s; the
rate DB (dead band) was +0.25 d/s; and the attitude DB was *0.3 4.

The IM Descent Phase phase-plane control logic was used, with the DAP
(digital autopilot) jet select logic corresponding to that of the LM
PGNCS (Primary Guidance, Navigation,and Control system). During trans-
lation, attitude is held at its last value.

~The basic guide to the pilot for'docking was as follows:

(1) Null the lateral position (and velocity) errars so that
the IM/ATM is on the OA docking axis,

(2) rotate the IM/ATM so that the LM/ATM docking axis is
aligned with the OA docking axis,

(3) translate the IM/ATM to the OA.

. The docking was terminated when the distance between the docking
planes closed to 1.84', at which point the pilot was told that the run
was ended. The locations of the docking planes are shown in Figure 2.
The IM-A thruster configuration is shown in Figure 3. If the solar
arrays on the LM/ATM are in the deployed state, the RCS jet thrust

[ impingement on the solar arrays reduces the +X jet thrust by 50%.
¢

The docking requirements were as follows:

Axial closing velocity 0.1 to 1.0 £/s (1)
Radial velocity ' 0 to 0.5 f/s
Angular velocity, each axis +1 a/s

Radial misalignment . 0 to lf

Angular misalignment (including roll) 0 to 10°

The mass properties for the IM/ATM were as follows:
Weight = 28,400 1b./mass = 882.48 slugs
c.m. location X, Y, Z = -6.21, -0.26h4, -0.157f

I 21684.3, 32341.9, 32300.4 si-ft2

xx’ Iyy’ Loz
W
Ixy, I, Iyz 92,5, 17.9, 73.2 s1-ft

(no sloshing propellant)

prol 1= 20




Thus the LM/ATM center of mass was 6.21 ft. below the RCS thruster plane,
8o that for a Y or Z translation, there was an associated rotational dis-
. turbance. _

(1) In a few runs O to 0.1 f/s was required.
PILOT RECOMMENDATIONS:

The following recommendations and comments were made by the two
pllots:

(1) There should be an indication at the target that the limit
of angular misalignment is exceeded.

(2) There should be an indication when the probe enters the
drogue.

Control response is adegua

stablized OA, but should be improved
rotating OA.

old ng to an inertiallv

- A ALY

for docking to a

~~
W
~v

(4) The effort for docking to a rotating target is demanding;
the pilot should be rested before performing this maneuver.

(5) After correcting for off-nominal initial conditions, all
runs are the same,

(6) There should be a manual describing operational procedures
for specific jet failures, :

CONCIUSIONS OF THE REFERENCED STUDY :

(1) Docking a baseline IM/ATM - - i.e., solar arrays stowed and
no jet failures - - to an inertially stabilized CA is fea-
sible. The mean time Quration is 8 minutes and the mean total
impulse expenditure is 12600 lb.- sec. (45 1b. for Isp—28l sec.)

(2) Docking a baseline IM/ATM to an OA rotating at 0.1 &/s about
all 3 axes simultaneously is feasible. Some dockings were un-
successful. The mean time duration is 8 minutes and the mean total
impulse expenditure is 25,300 1b. - sec. (90 1b. for Igp=281 sec. )

(3) Docking a baseline IM/ATM to an OA rotating at 0.3 d/s about
all 3 axes simultaneously was not demonstrated to be feasible.
One-half of the attempts were unsuccessful, The most difficult
task was to attain terminal angular rates below the specified
limit of 1 d/s.
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(4) The requirement to close at & velocity between O and 0.1 f£/s
rather than 0.1 and 1 f/s, makes docking more difficult.
For example, docking a baseline IM/ATM to an OA rotating at
0.3 &/s about all 3 axes simultaneously could not be accom-
plished.

(5) The flexible solar arrays, if deployed on the LM/ATM,
oscillated severely as the docking approach was made. .
Docking with solar arrays deployed was not demonstrated to

_be feasible.

(6) There is a rotational disturbance during Y or Z translation
' because the center of mass is 6.21 ft. below the RCS thruster
plane. The effect of this disturbance on the pllot is to
generate errors in his estimates of translational position
and velocity. Change in control logic could be made to
reduce the rotation resulting from Y or Z translation.

EXTRAPOIATIONS BASED ON THE RESULTS OF THE REFERENCED STURY

Reliable docking to the OA could not be accomplished by the baseline
IM/ATM, when the OA rotated at 0.3 d/s or higher about all 3 axes simul-
taneously). It is desired to extrapolate this result to a statement on
maximum rotational rates of the P.L. for which successful docking by the
Space Tug is possible. There are numerous parameters involved in the
process of docking, and there can be different parameter sets for different

docking systems. For example, docking performance is sensitive to the
following parameters:

(1) Contact requirements imposed by docking mechanism.

e Translation: .
~~ lateral misalignment
-~ longitudinal and lateral velocities

e Rotation:
~~ angular misalignments
7~ anguler velocities

(2) Location of docking hatch relative to the center of mass:
chased and chaser spacecraft.

(3) Rotational motion of chased spacecraft (active pointing of
target spacecraft spin axis toward chaser not assumed).

~~~ angular rate vector: fixed or moving relative to
chased spacecraft coordinate frame (the angular
rate vector was fixed in the OA coordinates of
the referenced study).
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(4) Sensor:
e Pilot's image of targew m ¢t ed spacecraft and image
of chased spacecra®t. ‘

™ eye view through wiaio.. as affected by location
of eye. (nominal plus variaticn)

~~ TV image, as affected by time delay, sharpness
of image, location of TV camera.

~/ reticle size and pattern, superimposed on image
of target on chased spacecraft.

~v target size and pattern mounted on chased space-
craft.

e Optical scanner view of reflector array on target space-
craft. v
(5) Controllogic.

. ® Sequential operation of manual controls, translation and
rotation; sequential operation of each axis in transla-
tion and in rotation.

e Automatic parallel operation of translation and rotation
controls.

e Automatic control logic uses knowledge of rotational dis-
turbance generated during application of translation forces
to prevent rotations before they occur.

® Dead band values, positions and velocities, for translatioms
and rotations.

(6) Forces and torques produced by control jets.
(7) Mass properties.

Total mass.

Location of center of mass.
Inerties.

Propellant slosh.

Bending: appendages, or connections between major
elements.

- ® Crew Motion.




In the case in which the types of parameters remain the same between
docking systems, each of the parameter values must be known for the IM/ATM/
OA and the ST/PL, and the sensitivities to the variations in the para-
‘meter values from the values used in the base set (ILM/ATM/OA) must be
known. In the following sections, estimates are made of these sensitivi-
ties, and based on the estimated sensitivities,extrapolations are made
from the manual docking of (IM/ATM)/OA to the manual, remote manual,
automatic, and remote automatic docking of ST/PL.

1. Extrapolation from ual (IM/AT™)/0A Docking (No Time Delay) to
Manual ST/PL Docking (No Time Delay)

The following formula relates the maximum rate of the OA for
which the IM/ATM can dock to the OA to the maximum rate of a PL for
which the ST can dock to the PL:

W (Ymw/am o x daa ox Fmrox % &
PL| g a_ o —.oT - MAXon
ST PL an o
/AT "Xy /amy
where (W = angular rate simultaneously about each of 3 axes
4 = distance, docking mechanism to center of mass
X = maximum possible translational acceleration
along X axis
ex = maximum possible angular accleration about X axis

The above formula neglects differences in contact requirements,
target spacecraft wobble, view of target, processing of sensed in-
formation, sloshing, bending, and crew motion. Contact requirements
will be considered shortly.

For the following values,

dp = 6 3 /amy - 15.8'
ay = 6 ags = 39.1
.X.s'r = 0.4 £/s%, SEIM/ATM = 0.45 £/s°
. (4 jets, not incl. impinge.)
beod 2 3]
= 54dfs _ 2
e o €’xm/ATM - 5.4 a/s

(4 jets, not incl. impinge.)
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MAX: =L;ié§ XB%lx g_:llfsx z- J 0.1 = 14(0.1)=1.14 d/s

before consideration of contact requirements,

The effect of differences in contact requirements is now estimated.
Contact requirements for (IM/ATM)/OA and ST/PL are compared in the following
table:

PARAMETER (1M/ATM)/0A . ST/PL
Misalignment:

Radial (d_ 44.q) +1 f 0.5 f

Angular () 10 deg +3 deg

Relative Velocity:

Longitudinal (V; ) 0.1 to 1l £/s 0.1 to 1 £/s
Radial (v;-adia.l) nf 0.5 f/s 0.3 f/s
Angular (©) +1 deg/s 2.4k deg/s

Weighting angular velocity more heavily because pilots found diffi-
culty in satisfying this requirement, the following formula is used to
obtain the advantage factor at contact for (ST/PL)/((1M/ATM)/0A):

.
£= %a4ia1 x © x 'lomg x 'radial x | _6|ST/PL
a_.. CR v .. s
radial long radial o | (IM/ATM)/0A
Thus the factor is
£= 05 x3 x1 x 0.3 x(&&)z - o.5,
T 1o 1 0.5 1 ,




the requirements for ST/PL being more difficult overall. Multiplying

CJMAXPL = 1.4 a/s, as calculated previously, by 0.5 to account for
differences in contact requirements,
w = 0.7 d/s
MAXPL

Thus, for the assumed case, 0.7 d/s is the estimate for the maximum
angular rate of the PL simultaneously about each of its 3 axes for which
the ST can be manually docked to the FPL.

The time duration is basically a function of the translation velocity
profile. The velocity profile in turn is influenced by the translation
acceleration, if the translation acceleration capability is not sufficient
to develop the desired velocity profile. Thus the estimation for time
duration is the following:

i 0.333
tTST - X'LMZATM t
Xy Trv/aTM
o L] 333
- [(on ) (8 Minutes)
o .
= (1.04)8 =. 8.3 Minutes

Propellant is nominally needed most for translation and least for
rotation. The translation impulse, for constant mass, is m AV. With
the same velocity profile, Delta-V is the same, so that the propellant
consumption is proportional to mass. Thus the ST propellant consumption
is estimated to be

S = Gorugnd $p

Lo x 25300 lﬁ.-sec. = 14000 1b.-sec.
882 (61 1b. at Isp = 230)
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2.

3.

Extrapolation From Manual Operation (No Time Delay) to Remote

Manual eration (With Time Dela

The effect of time delay is implicit in the following
formulas:

tT with td = tT with no td
.fwith ty = fwith no t,
w'max' . = [1/(“td):| wmax
m.tht not
d d
where tT = time duration of docking run
td = time delay

propellant impulse

“o

The total time delay (transmission and processing) for Remote
ST/PL docking is estimated to be 1 second or less:

Substituting t .= 1 sec. into the above expressions and using ST
manual operatign as a base, . :

1 (8.3) = 8.3 minutes

ct
]

T (14,000) = 14,000 1b.-sec.
0.5 (0.7) = 0.35 d/s

‘o

£

Extrapolation From Manual Operation (No Time Delay) to Automatic
Operation (No Time Delay)

The pilot has a tendancy to operate in & sequential manner,
concentrating on one task at a time, such as controlling one axis
in translation, then another axis in translation, then about an
axis of rotation and so on. Automatic operation, on the other
hand, can proceed in a parallel manner with all 6 degrees of
freedom (3 translation, 3 rotation) being controlled simultaneously.
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Just before contact, it is assumed that 6 degree-of-freedom
parallel operation as could be performed by automatic control is
required whereas it is assumed that the pilot can effectively
operate no more than 2 degrees of freedom in parallel. The advan-
taege of automatic vs, manual control just before contact is thus
taken as a factor of 3. Referring to the case above in which the
estimate for the maximum PL angular rate for manual docking 1is
0.7 d;s, the same estimate for automatic docking is 3 (0.7) =
2.1 d/s.

Assuming that (1) when the need arises, the pilot effectively
controls a maximum of 2 degrees of freedom (in comparison with the
6 degrees of freedom controlled in automatic operation) and (2)
the need for 6 degree-of-freedom control occurs approximately one-
tenth of the time, then the advantage over the entire maneuver of
automatic over menual is 6 x _1 + 1 x_9 = 1.2.

2 10 10
This advantage is applied not only to time duration but also to
propellant use, because less propellant is required when performing
simultaneous translation (more than one axis) and simultaneous
translation and rotation maneuvers., Thus the estimates for auto-
matic operation are 1/1.2 = 0,84 of the time duration and propellant
consumption required for manual operation. The estimate for mean
time is then 0.84 x 8.3 = 7 minutes and the estimate for mean
propellant is 0.84 x 14,000 = 11800 1lb.-sec. (51. 1b, at Isp = 230).

4., Extrapolation From Automatic Operation (No Time Delay) to_ Remote
Automatic Operation (With Time Delay)

The concept of automatically processing signals that are
transmitted from the ST to the ground (no man-in-the-loop) and
then transmitting the automatically processed signals to the ST
is now considered. Applying the effects of time delay as estimated
previously to the estimates made previously for automatic control
(no time delay), the estimates for remote automatic control (with
1 second time delay) are as follows:

ty = (1) (7)'> = 7 minutes

f = (1) (11800) = 11800 lb.sec.

w = 0.5 (2.1) = 1.05d/s.
max

PL

|V.l’-\.—, [__ ¥ . 1;)- 28
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5. Summaxy of Extrapolations

The previous extrapolations that were made are summarized
in Table 1. Sloshing propellant effects are not included; it

is expected that sloshing propellant would degrade the perfor-
mance estimates of Table 1.
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Dimensioned so that to the pilot the circular portion of the reticle
pattern appears to enclose one-half of the diameter of the SOC (Standa-
off Cross) on the OA Target, when the IM/ATM is docked.

FIGURE I

CREWMAN OPTICAL ALIGNMENT SIGHT AND TARGET FOR DOCKING




Dock HATCH

Dock HATCH
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FIGURE 2

LOCATIONS OF DOCKING HATCHES ON IM/ATM AND QA




FIGURE 3
LOCATIONS OF JETS ON IM/ATM IN YZ REFERENCE AXES PLANE
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SUBJECT: RENDEZVOUS, STATIONKEEPING, AND DOCKING TO NONRCTATING SPACECRAFT

References: (1) J. Boudresu, "Simulation Report for LM/ATM Remote Control Simulation",

ARPR50-009, dated June 15, 1970.

(2) E. Sommer, G. Steinman, "Presimulstion Report for LM/ATM Remote
Control Simulations", ARP250-008, dated January 2, 1969.

(3) G. Zetkov, "Docking to Spacecraft with Small Residual Angular

PR i | Q= )iy - -
Rates", BO1MO4S-730C30, dsbed 22 June 1973.

Surmary:

To determine the conditions required and penalties for the successiul
docking of an ST (Space Tug) to a nonrotating PL (Payload), Grumman work on
remote manual docking was reviewed. One study was examined in detail; in
this study, a pilot in an OA (orhbit Assembly, now called Skylab) remotely
controlled a LM/ATM (Iunar Module/Apollo Telescope Mount) to dock the Iif/ATM
to the OA. Based on these results, extrgpolations are made to the ST/PL case
with performance estimates being made for the following: docking, stationkeeping,
and rendezvous by manual, remote masnual, automatic, and remote automatic types of
control.

Introduction:

Grumman work on remote man-in-the-loop rendezvous, stationkeeping, and
docking to a nonrotating spacecraft was reviewed. (This review is similar to
the review reported in Ref. 3; the rationale for the estimation process is more
fully explained in Ref. 3). References 1 and 2 are reports of this work, which
was done for the Apollo Applications Program in 1969.

A similator was used in which a qualified pilot, located in g mockup of the
OA crew station, opergted separate translation + rotation controls, the outputs
of the controls being transmitted to all-analog computers which simulated (1)
transmission & processing time delay involved in radioing the control signals to
the IM/ATM, (2) Jet select logic, (3) application of jet thrust, (4) motion of the
IM/ATM relative to the OA, and (5) translation and rotation commands to a TV camer
pointed at a mockup of the LM/ATM. The TV image of the mockup was shown to the
pilot; in the actual case, the pilot would see the LM/ATM directly. The
simulator consisted of the following:

Soom G.10- 34
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(1) Visual Diépiay-: TV image of IM/ATM mockup. Mockup scale: 1/20
for ranges O to 70' and 1/250 for ranges 100 to 1000'. An Apollo
type target was mounted on the LM/ATM mockup.

(2) Crew Station: Mockup of station in MDA (Multiple Docking Adaptor)
of the OA. The window had a 60°x80° FOV. The COAS (Crewman Optical
Alignment Sight) reticle was in the center of the window. A
qualified pilot operated hand cantrollers: Left - LM/ATM translation,
right - IM/ATM rotation.

(3) Command Link: A pure time delay was used with a naminal value of
0.4 second to simulate the delay between the translation or gttitude
command and IM/ATM jet actuation.

The OA was fixed in the orbit reference axes system (x: direction of OA
motion, Z: towards Earth along LV). The attitude control system used for the LM/
ATM was the IM Abort Control:System, consisting of the ATCA (Attitude + Translation
Control Assembly), the RGA (Rate Gyro Assembly), and, for attitude hold, the AGS
{(Abort Cuidance System). The agttitude deadband was 0.3°, and the rate deadband
was 0.2°/S. In attitude hold, the IM/ATM was held fixed with respect to the
orbit reference sxis system. Each Jjet thrust was 100 1b. TFor x axis translation
only, L jets are used; for y or z translation only, 2 jets are used. Fcr rotations

about x,y, or z axis only, 4 jets are used. The nominal initisl separation between
the docking ports was 50°'.

The mass properties for the IM/ATM were set as follows:

Weight/mass = 28200 1b/876 slugs

em location x,y,z =-6.5, -0.2, -0.1 £t

Tts Iyys Ipz = 21300, 40900, 39400 s1-ft

Loy Ixzs Lz =210, 290, k4O s1-£t2

(no sloshing propellant)

A fly-to, rather than fly-from, approach was used by each of the 3 pilots;
i.e., the pilot moved his controls as if he were flying the OA to the LM/ATM
(while the opposite is true). The TCA (Tranlstion Controller Assembly) and the ACA

(Attitude Controller Assembly) were operated one axis at a time (all pilots). The
TCA was normglly pushed bang-bang, except when correcting large translation rates.

Results of the Referenced Study

The study (ref. 1) investigated docking, stationkeeping, transition from
final breking to stationkeeping, and rendezvous . The nominal configuration
consisted of the following: time delay = O.4 sec, the attitude hold is in effect
when rate commands are not being applied, the attitude deadband = 0.3°, the angular
rate command, meximum = 1 d/s, and the rate deadband = 0.2 d/s. The conclusions
of the study are summarized below.
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1.1 Nomingl remote manual docking of the IM/ATM was easy. The mean time
duration was 3 minutes and the mean propellant consumption was 7030 1lb-sec
(25 1b at Igp = 281 sec.).

1.2 Remote manusl docking of the LM/ATM without the use of attitude hold
was successful, with the performance degraded from nomingl operation. Increasing
the maximum rate command from 1 to 2 d/s slightly degraded performance, and
reducing the rate deadband from 0.2 to 0.1 d/s improved performance.

1.3 The upper limit on time delay was 1 second for acceptable remote manual
docking of the LM/ATM to the OA.

2. Statimkeeping

2.1 The optimm range for remote stationkeeping of the I.M/ATM relative to
the OA by a pilot in the OA was 50' to 150'. This corresponds to a 10 to 15°

: .
half-cone-angle through the OA window(the pilct stationkeeps by keeping the IM/

ATM in the window and at a desired range). The propellant for R=50' to 150' was 92.6
to 197 1b-sec/min (0.33 to 0.7 1b/min at Isp = 281 sec). With attitude hold,

there is a low level of pilot participation. Without attitude hold, stationkeeping
is impractical for more than 3 or 4 minutes.

3. Trensition from Region of Final Breking to Region of Stationkeeping

3.1 Transitioning from the final braking rsnge (500') to the stationkeeping
range (120') required a mean time of 6.2 minutes and a mean propellant of 17400 1b-
sec (62 1b at Igp = 281 sec).

3.2 Attitude could not be estimated at ranges larger than 300 feet. Vithout
attitude hold, the rate deadband had to be decreased from 0.2 to 0.1 d/s, so that
the rate of attitude buildup was slower.

4. Rendezvous

4.1 Initially the LM/ATM was set at a range of 900' asbove the OA (along
the LV) with a closing velocity of 10 f/s. The pilot in the OA remotely maneuvered
the IM/ATM to a range of 500' or directly to a range of, 120'. In going to a range of
120', the mean propellant was 31800 lb-sec (113 1b at Isp = 281 sec% and the meagn time
was 2.7 minutes. .

Extrgpolations Based on the Reéuiﬁs of fhé Referenced Stady

Based on the results of the referenced study on the remote manusl control
of I.M/Am to the OA, estimates are now generated for the performance of maneuvering
a ST to a FL. The techniques used for extrspolation are basically the same as
those used in Ref. 3. »




Grumman Aerospace Corporation

1. Extrapolation from (LM/ATM)/OA Remote Manual Docking, Stationkeeping, &
Rendezvous (Time Delay = 0.4 Sec) to ST/PL Remote Manual Docking,
Stationkeeping, and Rendezvous Time Delay = 0.4 sec).

. At contact, the advantage factor of ST/PL over LM/ATM is taken as

00 00
X, e, ..
ﬂLM/AIM x ST < XST
dST o)? 0o
LM/ATM o,
LM/ATM
where
4 = distance, docking mechanishm to center of mass
00
X = meximm possible translational accelerstion along
X axis. :
00
QX = maximum possible rotational acceleration about X

axis.

(Since the OA was fixed in the orbit reference axes, FL motion
is not taken into account).

Using the fallowing values,

dop = 6' 5 dpypmy = 158
00 _ P 00 2
Xgp = o.k £/s5, Xm/ame = 0.45 £/s
00 00

2 : 2
) = 54/s°, @ = 5.4 d/s
X7 X1/ ATH

the advantage factor is

15.8 xo.h x 5 - 2.0

6 0.45 5.4

The contact requirements for ST/PL, as was shown in Ref. 3, were estimated
to be 2 times more difficult to meet. Taking the contact requirements
into account, the advantage factor becames

(0.5) (2.2) = 1.1
The upper limit on time delay is then estimated as

a =1.1%% ¢, = 1.05 (1 sec)
ST/FL (y/arM)/on 100 (1 sec

= 1.1 sec

t
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The estimate for time durastion is as follows:

ty =(§EL s 0.333 t,
ST Ly/amt LM/ ATM
Xsp
=(Q:k2 )0'333 ty = 1.0
0.5 TM/ATM M/ ATM

The estimgte for propellant consumption is a function of
the mass ratio as follows:

Per Mg/ Mg/ amg ) Prw/am

@Y Puyam = % Pryam

Using these factors of 1.04 and 0.56 for extrspolating time durstion and pro-
pellant respectively, the following estimatesa?mean values) are made for ST/PL

remote menusl docking, stationkeeping, snd rendezvous:

Dbcking from R = 50":

time duration = 1.0% (3 min) = 3.1 min
propellant = 0.56 (7030 1lb-sec) = 3940 lb-sec
(17.2 1b at Ip= 230)

Statio nkeeping at R=150":

= 0.5 (197 1lb-sec/min)
= 110 1b-sec/min
(0.48 1b/min st I,

propellant rate

p = 230)

Rendezvous fram R=900', V= 10'/s to R = 120':

time = 1.04 (2.7 min) = 2.8 min
propellant = 0.56 (31800 1lb-sec)
17800 1b-sec

(78 1b at :[Sp = 230).

2. Extrapolation from ST/PL Remote Manual to Manual:

The only change is in time delay which goes from O.4 to O second. In
the referenced study, the effect on time duration and propellant consumption of
increasing the time delay from O.4 to 1 second was insignificant (although operation
at contact was significantly changed); therefore, the estimates for time duration and

S > o
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propellant consumption. are estimated to ‘be the same gs those just above.

3. Extrapolation from ST/PLv Remote Manual tob Rémote Automatic :

The advantage factors for automatic over manusl operstion are

(1) At contact: 6 deg freedom pa,railel operation

2 deg freedom parallel operation =3
(2) over entire maneuver:
6 deg parallel 1., 2 deg parallel . _
2 deg parallel ~ 10 time + 3 deg parallel ~ 10 time  =1.2

Based on these advantage factors, the following estimates (mean values) are
made:
Docking from R-50' :

time delay, upper 1imit = 3077 (1.1 sec) = 1.9 sec
time duration = (1/1.2) (3.1 min) = 2.6 min
propellant = (1/1.2) (3940 1b-sec) = 3280 1b sec

(14.3 1b at Isp' = 230)

Stationkeeping at R=150':
propellant = (1/1.2) (110 1b sec) = 91.5 1lb-sec
min min
(0.40 1b at Ip= 230)
min

Rendezvous from R=900', V = 10 '/S to R = 120':

time duration
propellant

(1/2.2) (2.8 min) = 2.3 min
(1/1.2) (17800 1b-sec) = 14800 1b-sec
(64.5 1b at Igp = 230)

L. Extrapolation from ST/FL Remote Automatic to Autamatic

In going fram remote to nonremote, the time delay goes from 0.4
to O.second. The parameters for the total maneuver are probably not affected
significantly by the change in time delay. Thus the estimates for ST/ PL automagtic
are the same as those for ST/PL remote automstic, as given just above.

5. Summary of Extrapolations

The previous extragpolations that were made are sumarized in Table 1.
Sloshing propellant effects are not included. It is expected that sloshing
propellant would degrade the performance estimgtes of Table 1.

GZ:1jm

ce: R. Watson J. Goodwin L. Deutsch
"G. Smith R. McCaffrey L. Rothenberg
M. Dandridge R. Tellalian E. Eriksen
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6.10.5
STUDY PIAN TO DEMONSTRATE FEASIBILITY OF AUTOMATIC

SUMMARY *

RENDEZVOUS , AUTOMATIC DIRECT DOCKING, AND TV REMOTE
RENDEZVOUS_AND DOCKING

The feasibilities of the following itypes of rendezvous and docking
are to be investigated: | )

(1) automatic rendezvous,

e

(2) eautomatic direct docking, and

(3) TV remote rendezvous and direct docking.
2}

The feasibility of automatic rendezvous is to be determined by the
use of a digital computer program which simulates the effects of sensor
errors and indirectly sloshing propellant. The trajéctory of the Space
Tug relative to a payload, the time duration, and the propellant consump=
tion will be computed for ncominal and off-nominal initial conditioms.
Acceptable sensor accuracy will be compared with sensor performance &as
given by menufacturers. 4 ’

Automatic direct docking feasibility is to be investigated by the use
of a planar analysis digital computer program which will include the effects
of sensor errors and sloshing propellant. From nominal and off-nominal ini-
tial conditions, the motion of the Space Tug relative to a payload, the time
duration, and the propellant consumption will be determined up to the point
of contact. Acceptable sensor accuracy will be compared with sensor per-
formance as given by manufacturers.

The feasibility of TV remote rendezvous and docking is to be determined
by (1) extrapolation of pilot-in-the-loop studies made at Grumman for cther
programs & (2) extrapolation from results on the effects of time delay to be
obtained using the planar analysis digital computer program for Space Tug/
Payload automatic direct docking. Extrapolation (2) involves consideration
of pilot reaction time and pilot atilization of TV data as compared to the
automatic utilization of the sensed error data. The upper limit on time
delay will be compared to the minimum time delay for transmission and for-
matting as given by manufacturers. Also, the times that the TV picture
can be transmitted to ground stations as compared to the times that rendez-
vous and docking are to occur will be examined.

paeT L 10=- 41
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INTRODUCTION:

i —
r

It is desired to determine the feasibilities of automatic
rendezvous, automatic direct docking, and TV remote rendezvous
and docking. A study is required which will result in this de-
termination. The study is restricted to be performed in 3 months
beggrning June 15, 1973 by one man. Slosh effects are to be in-
cluded.

The feasibilities of automatic rendezvous and automatic direct
docking are to be demonstrated through the operation of two separate
digital computer programs.

The approach to be taken is to use existing digital computer
programs, because of time ar.d manpower limitations, and to make
zerc or minimum modification to such programs. An existing digital
program without modification will be used to perform the rendezvous
analysis. Through a Monte Carlo analysis the sensor and accelera-
tion requirements to achieve successful rendezvous are to be de-
termined. glosh effects are 1o be taken into account indirectly by
assuming that part of the sensor error is equivalent tO attitude
control error caused by slosh during translation thrust. The amount
of attitude control error due to slosh during translation thrust will
be determined during the docking study.

For docking, the existing digital program written by R. Quinn
end J. Rietschlin for NASA/MSFC Contract'NAs—8—2786o completed

ijn March 1972 by principal investigator X. Speiser will be used
with some modification. This program simulates 2 translational
motions (forward-backward, up-down) and 1 rotational motion (piteh)
for the rigid-vody chaser and 1 rotational motion (pitch, fixed
characteristics) for the target spacecraft. This program will be
modified to include slosh effects.
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AUTOMATIC RENDEZVOUS :

It is planned to use the rendezvous digital computer progréam that
J. McNamara used for the EOS proposal. This program is written for use
on the IBM 360/165. The run begins after circularization. When the LOS
angle from the target to the chaser relative to the orbit reference axes
matches a selected value, TPI is performed, with TPI computed for & selected
central angle. At o gelected times after TPI, midcourse maneuvers are per-
formed. For final braking, up to 10 gates may be used. Sensor errors (in
range, LOS, range rate, and 1,08 rate) and acceleration levels may ve selected.
In one submittal, at least 20 runs may be made for a Monte Carlo analysis,
with the statistics of the rendezvous performance being computed automatically.

Time does not permit modification of the program to include slosh effects.
(Such jnclusion of short-period dynamics would probably increase computer
gachine time significantly). However, the sensor error (L.0S angles), in effect,
will be increased beyond its normel value to degrade rendezvous performance in
a manner similar to that resulting from slosh. Slosh would tend to increase
attitude error during translation burns, resulting in a translational accelera-
tion along & direction offset from that desired. The error in measuring LOS
angle results in a computation of thrust direction that is in error. Sensor
error and slosh are thus equivalent in the sense that they both result in 2
translational thrust direction error. (The amount of attitude error resulting
from slosh will be determined in the docking study).

Time does not permit the inclusion of short-period dynamics as would
result from the modeling of specific control items, i.e., sensor dynamics,
control logic, and jet actuation plus effects., (Such inclusion would probably
jncrease computer machine time significantxy).

The next higher level of feasibility demonstration that might be required
is to demonstrate that sensor hardware (.85 Scanning Lesar Radar in com-=
bination with passive reflectors) can meet the sensor requirements. Such a
demonstration is not planned. '

Features that are desirable in a digital computer rendezvous program
are outlined in Table 2. It is not planned to implement the features described
in Table 2.

AUTOMATIC DIRECT DOCKING:

The existing digital computer program for docking permits 2 planar analysis
to be made in the longitudinal and vertical translation axes and about the rota-
tional pitch axis. The target spacecraft has a 1limit cycle motion (pitch) with
fixed characteristics. The docking mechanism can be located off the center of
mass on both the chaser and target spacecraft. The thrust is proportional to

PR e 10- I3




A time delay following the sensing of information can be introduced
pilot reaction time to a display, oTr
nominal sensed information,

error.
to simulate signal processing time,

transmission time. Errors can be added to the
and torque failures can be simulated.

After modifying the existing docking program £5 include slosh effects,
the program will be used for a planar analysis (Pitch plane). The procedure
will be repeated for the yaw etc. The results

plane, by using yaw inertias,
at contact for the two separate planar analyses will be root-sum-squared.
The results for roll will be estimated, based on the pitch and yaw results
and the values of the roll parameters - - such as inertias and control tor-
ques - - in comparision with the

values of the pitch and yaw parameters.
Sensor errors, acceleration levels,

slosh mass, and time delay are to be
varied to determine their effects on docking performance, i.e., conditions

at contact and APS impulse consumption.
4

that are desireable in a diéital computer docking program are

outlined in Table 3. Tt is not planned t? jmplement these features.
1

v REMOTE RENDEZVOUS AND DIRECT DOCKING: s

T dera M
<

Depending on the autonomy level, reﬂhezvous and docking are performed
t (Levels I and IT)y partly with ground support (Level

without ground suppor
(Level IV). Ground support

111, finel docking), or totally with ground support.
is interpreted as TV remote control. b

It is not possible within the time énd manpower limitations, to demonstrate
TV Remote Control using an actual pilot." Tnstead (1) Grumman studies of man-in-
the-loop docking (References > through 5, as listed in the last section) will be
reviewed for possible extrapoletion to Space Tug Remote TV Docking and (2) the
effects of time delay in the planar analysis that is planned will be determined

and applied if possible to Space Tug Remote TV Docking.

SCHEDULE :

The schedule for studies of rendezvous and docking is given in Table 1.
Docking is planned first, to obtain results on the effects of slosh in genera-
ting attitude error. These results can then be used in the rendezvous study
to increase levels of sensor error to simulate the effects of slosh. Primary
emphasis in the docking study will be placed on automatic direct docking
(sensor errors, acceleration levels, slosh); secondary emphasis will be placed
on parameters such as time delay which apply to Remote TV control.

laced on determining the effects

Emphasié'in the rendezvous study will be D
lyses have already been made of

of sensor errors and jndirectly slosh, since ana
acceleration levels.
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REFERENCES ON DOCKING:

The following Grumman studies of docking are to be reviewed:

- (1) K. Speiser, R. Quinn, J. Reitschlin, et.al. "Study
Requirements for Assy. & Docking of Spacecraft in
Earth Orbit," Final Report under Contract NAS8-27860,

March 1972.

(2) R. Phagan, "Presimulation Report, IM/ATM Docking
Feasibility", ARP250-006, dated 6 December 1967.

(3)  J. Boudreau, "Apollo Applications Program IM-A/ATM
Docking Feasibility Study Summary Report", ARFP250-
007, dated December 20, 1967.

(%) E. Sommer, G. Steinman,” Presimula
IM/ATM Remote Control Simulations,’
dated 2 January 1969.

(5) 7. Boudreau, "Simulation Report for ILM/ATM Remote
Control", ARP250-009, dated June 15, 1970.

Dt D 1¢- b




TABLE I

SCHEDULE FOR INVESTIGATION OF

RENDEZVOUS AND DOCKING, SPACE TUG TO PAYLOAD

TASKS

JULY

AUG

SEPT

1.

2.

Analyvze Docking

1.1 Modify planar digital com-
puter program to include
slosh. Checkout modified
program.

1.2 Make runs using modified
program. Vary sensor
errors, acceleration levels,
slosh mass, & time delay.

1.3 Write up results.

Analyze Rendezvous, beginning
after circularization.

2.1 Make runs using Rendezvous
Digital computer program.
Vary sensor errors and
acceleration levels.

2.2 Write up results.




TABLE 2

FEATURES DESTRED IN AN AUTOMATIC RENDEZVOUS PROGRAM,

TUG_TO PL

b

1. Requirements for Successful Rendezvous.

2. Space Tug.

2.1 Sensor: R,.L0S, and derivatives. Errors. Model of particular
radar configuration.

2.2 Command Logic: Circularize at nominal range to target (approxi-
mately 100 n.mi.) plus ellipsoid. Acquire and point towards
target, narrow band. Continue pointing towards target, narrow
band throughout rendezvous. Compute TPI based on sensed infor-
mation and selected central angle. Perform TPI at nominal
position (approximately 40 below, 10 n.mi. behind target) plus
ellipsoid., Control continuously in translation and rotation to
a range of approximately 1000': translation - - scheduie longi-
tudinal and lateral velocity as function of range; rotation - -
point towards target using narrow band.

2.3 Control logic, translation andnrotation: rate control only - =
hysterisis logic; position and rate control-- phase-plane logic.

¢
2.4 Jets: locations, orientations, thrust levels.

2.5 Mass Properties: Structure-- méss, cm location, inertias; slosh
mass-- mass, nominal location, motion constraint, inertia.
4
2,6 Equation of Wotion: translation and rotation relative to target -
centered orbit reference axes.

2.7 1Initial conditions: translation and rotation-- position and
velocity.
\

3. Payload

3.1 Motion: votation only; nominally coincident with orbit reference
axes (X forward, Z along local vertical down); variations about
nominal are limit cycles about .X, Y,Z axes; motion properties
remain constant, no dynamics.

3.2 Passive reflectors: package location and orientation, geometry
of reflector locations, size and reflection characteristics of
each reflector.

3.3 Initial Conditions: attitude and angular velocity

pACE Go10= BT




TABLE 2

(CONTINUED)

Output of Study

4.1 Single run.: Performance-=< translation, rotation, success or
failure, APS impulse consumption.

4.2 Effects of (1) sensor accuracy, (2) chaser acceleration ==
translation and rotation, (3) slosh.

4.3 Statistics of many runs.




TABLE 3
FEATURES DESIRED IN AUTOMATIC DIRECT DOCKING,

TUG TO PL

1. Space Tug

1.1 Sensor: Range R, LOS attitude (¥, 8 , ¢) and derivatives.
Errors. FOV. Modeling of specific radar configuration.

1,2 Command Logic: Translation-- longitudal velocity schedule
as function of range. Lateral error zero. Rotation-- for
R less than 1000' but more than approximately 50, point
towards PL; for R<50', align attitude with PL attitude.

1.3 Control Logic, translation and rotation: rate control only ==
hysterisis logic; position and rate control-- phase-plane
logic.

1.4 Jets: locations, orientations, thrust level.

1.5 Mass Properties: Structure-- mass, cm location, inertias;
slosh mass-- mass, nominal location, motion constraint,
inertia.

1.6 Docking Mechanism: location, orientation.

1.7 Equations of Motion: translation and rotation relative to
target centered orbit reference axes.

1.8 Initial Conditions, translation and rotation: position and
velocity.

2. Payload
2.1 Motion: rotation only; nominally coincident with orbit
reference axes; variations about nominal are limit eycles
about X, Y, Z axes; motion properties remain constant.
2.2 Passive reflectors: package location and orientation, geo-

metry of reflector locations, size and reflection character-
istics of each reflector.

2.3 Docking Mechanism: contact requirements; location and orientation.

2.4 TInitial Conditions: rotation-- attitude and angular velocity.




TABLE 3
(CONTINUED)

Output of Stucy

3.1 Single run: performence-- translation, rotation, success or
failure, APS impulse consumption.

3,2 Effects of (1) sensor accuracy, (2) chaser acceleration --—
translation and rotation, (3) Slosh, (4) docking mechanism
location-- Tug, FPL.

3.3 Statistics of many runs.




